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Abstract: With the increase in the integration of renewable energy resources in the grid and ongoing 

growth in load demand worldwide, existing transmission lines are operating near their loading limits 

which may experience voltage collapse in a small disturbance. System stability and security can be 

improved when the closeness of the system to collapse is known. In this research, voltage stability of 

IEEE 30 bus test network is analyzed and assessed under continuously increasing load condition, 

utilizing the Critical Boundary Index (CBI); and improved with continuous integration of battery 

energy storage system (BESS). BESS is considered to be a hybrid combination of storage units and 

voltage source converter to have a controllable real and reactive power output. Security constraint 

optimal power flow is utilized for optimally sizing the installed BESS. It is evident from the outcome 

of the research that the voltage stability of the system is controlled to be above the acceptable range  

of 0.3 pu CBI in all lines and the system voltage is kept within the acceptable and constrained range 

of 0.9–1.1 pu.  
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1. Introduction 

Global greenhouse gas emissions and renewable energy resources (RERs) are two different 

impact expressions at the intersection of global trends. The field of power system engineering, which 

primarily influences the maintenance of both phenomena' effects, is expected to play a significant role 

in balancing the socio-environmental status by combating environmental crises and improving power 

system performance [1]. Incorporating intermittent RERs like solar and wind into the power system 

has changed how generation, transmission, and distribution are planned and operated. As a result, a 

revolution in power system circumstances has emerged, focusing attention on presenting smart and 

optimal practices in order to achieve the goal of contribution in power system engineering [2,3]. BESS 

as complement to such intermittent energies are deployed to increase renewable energy penetration 

and use.  

The ongoing growth in the world population, increasing living standards, tremendous 

technological developments, liberalization in the power industry, and modernization of the cities have 

caused a severe increase in the load demand around the world. The power system components, 

especially the transmission and generation facilities in most countries, are either insufficient to supply 

the required demand or are outdated. Thus, many existing power networks worldwide are operating 

near their voltage stability margins. The ability of power systems to maintain a satisfactory voltage 

range at all buses under all power system operating conditions is referred to as voltage stability. Due 

to insufficient capacity to provide reactive power support at local load points, many power systems are 

at risk of voltage instability [4]. 

In the other words, voltage stability has been defined as the stable operation of the power system 

and its ability to maintain acceptable voltage in all buses, both during normal operation and when 

subjected to a fault or disturbance [5]. The growth in the deployment of renewable energy resources 

in the power systems increases the uncertainty of the power system. It causes disturbances and, as a 

result, raises the possibility of voltage instability [6]. Voltage instability is the case when the change in 

the load or generator dynamics causes an uncontrollable decline in voltage of one or all buses [7]. 

Voltage stability analysis is the study of power system response against the dynamics in load and 

generator units to maintain stable and reliable system operation [8]. The voltage stability of the system 

has been assessed through various mathematical formulations known as voltage stability indices [9–12]. 

Voltage stability indices describe the voltage stability condition of the system and how near the 

possibility of voltage collapse is; so that the operator can take preventive decisions. 

Different indices and approaches have been used for the analysis of voltage stability. Some 

techniques analyze the P-V characteristic, which considers the relationship of voltage and active power 

in the transmission line. In contrast, some others consider the relationship of voltage and reactive 

power in transmission line as Q-V analysis [13,14]. Proposed stability analysis techniques and indices 

consider either the effect of real power change or reactive power change on voltage stability, while 

little work has been done related to the impact of both real and reactive power change on voltage 

stability analysis. A novel stability analysis technique and index called Critical Boundary Index (CBI) 

has been proposed in [15], which directly estimates the distance of operating point to the instability. 

Voltage stability analysis techniques are vital tools for the secure operation of the power system and 

help the planners take preventive measures and controls for stable system operation. 

In the literature different voltage stability improvement techniques have been proposed for 

voltage stability improvement and voltage profile enhancement. Various methods of voltage stability 
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improvement techniques, as well as their merits and demerits are reviewed in [16]. In [17] different 

approaches for real time voltage stability margin control enhancing the reactive power reserve 

sensitivities were provided. The application and control of flexible alternating current transmission 

systems (FACTS) devices for voltage stability of power systems with high penetration of renewable 

energy resources is reviewed in [18]. Pradeepa, et al., studied the voltage stability of distribution 

network and used Genetic Algorithm to allocate distributed generation and capacitor bank for overall 

loss minimization and voltage profile improvement [19]. Roselyn, et al., introduces a multi-objective 

fuzzy-based generator rescheduling approach using FACTs devices for voltage stability enhancement. 

Mainly, the researchers have focused on the outcome of reactive power compensation on voltage 

profile and voltage stability improvement [20]. 

In the literature, optimal power flow has been identified as a key tool for operation and planning 

of power systems, which can adjust the control variables to optimize the production and transport of 

energy while maintaining the technical, economic, and environmental constraints [21]. The author 

in [22], proposes a novel configuration of particle swarm optimization to solve large-scale reactive 

power dispatch. Naderi, et al., in [23] proposes a framework for cyberattacks which lead the smart 

distribution networks to under voltage and warns the operators to have preventive measures and a 

voltage secure smart system. 

As mentioned in the literature, different researchers have had their contribution in the aspect of 

voltage stability from voltage stability assessment and analysis to voltage stability improvement 

techniques, but still more research needs to be done on the influence of battery energy storage systems 

and variable energy resources on voltage stability. In the literature either the effect of real or reactive 

power change is analyzed on the voltage stability improvement, while it is important to study the effect 

of both real and reactive power change on voltage stability. The studies in the literature have conducted 

the voltage stability improvement in a base loading condition rather than continuously changing 

condition which is the nature of energy consumption in all energy systems. Voltage stability 

improvement has been achieved with compensation of a certain capacity of real or mostly reactive 

power, both real and reactive power compensation with controllable output based on the system 

performance has not been considered so far. 

The contribution of this research can be mentioned as follows: 

 The index utilized in this research analyzes the consequence of both real and reactive power change 

on voltage stability. 

 In this research the voltage stability of the system is analyzed under a continuously increasing load 

rather than specific loading condition. 

 A combination of battery storage and voltage source converter is integrated in the system to have 

both real and reactive power compensation. 

 In this research the outcome of BESS is controlled having into consideration the CBI angle which 

provides a clear insight on the significance of real and reactive power compensation on voltage 

stability improvement. 

In this paper we consider CBI based optimal placement and power control of BESS for real and 

reactive power support in IEEE 30 bus test network for voltage stability improvement. Security 

constrained genetic algorithm is used to keep the voltage stability index value in the specified 

acceptable range. 

 



538 

AIMS Energy  Volume 10, Issue 3, 535–552. 

2. Voltage stability analysis 

Considering the 2-bus transmission network in Figure 1. 𝑉𝑖  𝑎𝑛𝑑 𝑉𝑘 are the voltage magnitudes in 

the sending end and receiving end voltages, and 𝛿𝑖 𝑎𝑛𝑑 𝛿𝑘 are the voltage angles in sending end and 

receiving end, respectively. The power flow equation of the network shown is as follows: 

 

Figure 1. 2-Bus Transmission Line Model. 

𝑃𝑘 + 𝑗𝑄𝑘 = (𝑉𝑘∠𝛿𝑘) (
𝑉𝑖∠𝛿𝑖−𝑉𝑘∠𝛿𝑘

𝑟𝑖𝑘+𝑗𝑥𝑖𝑘
)

∗
                      (1)  

(𝑃𝑘𝑟𝑖𝑘 + 𝑥𝑖𝑘𝑄𝑘) + 𝑗(𝑃𝑘𝑥𝑖𝑘 − 𝑟𝑖𝑘𝑄𝑘) = 𝑉𝑖𝑉𝑘 cos(𝛿𝑖 − 𝛿𝑘) − 𝑗𝑉𝑖𝑉𝑘 sin(𝛿𝑖 − 𝛿𝑘) − 𝑉𝑘
2     (2)  

where, 𝑃𝑘 𝑎𝑛𝑑 𝑄𝑘 are the real and reactive power transferred to receiving end from sending end, 

and 𝑟𝑖𝑘 𝑎𝑛𝑑 𝑥𝑖𝑘 collectively are the transmission line impedance. The following equations can be 

derived out by separating the real and reactive parts of the above equation: 

𝑃𝑘 𝑟𝑖𝑘 + 𝑥𝑖𝑘 𝑄𝑘 + 𝑉𝑘
2 = 𝑉𝑖  𝑉𝑘  cos(𝛿𝑖 − 𝛿𝑘) (3) 

𝑃𝑘 𝑥𝑖𝑘 − 𝑟𝑖𝑘 𝑄𝑘 = −𝑉𝑖  𝑉𝑘  sin (𝛿𝑖 − 𝛿𝑘) (4) 

Adding the square of Eqs (3) and (4) we have (hint: sin2(𝛿) + cos2(𝛿) = 1): 

(𝑃𝑘 𝑟𝑖𝑘 + 𝑥𝑖𝑘 𝑄𝑘 + 𝑉𝑘
2)2 + (𝑃𝑘 𝑥𝑖𝑘 − 𝑟𝑖𝑘 𝑄𝑘)2 = 𝑉𝑖

2 𝑉𝑘
2      (5)  

(𝑉𝑘
2)2 + 2 (𝑃𝑘 𝑟𝑖𝑘 + 𝑥𝑖𝑘 𝑄𝑘 −

𝑉𝑖
2

2
) 𝑉𝑘

2 + (𝑟𝑖𝑘
2 + 𝑥𝑖𝑘

2) (𝑃𝑘
2 + 𝑄𝑘

2) = 0 (6)  

Using the Pythagorean theorem, from Eq (6), (𝑉𝑘
2) can be derived as: 

𝑉𝑘
2 = − (𝑃𝑘 𝑟𝑖𝑘 + 𝑥𝑖𝑘 𝑄𝑘 −

𝑉𝑖
2

2
)

± √(𝑃𝑘 𝑟𝑖𝑘 + 𝑥𝑖𝑘 𝑄𝑘 −
𝑉𝑖

2

2
)

2

− (𝑟𝑖𝑘
2 + 𝑥𝑖𝑘

2) (𝑃𝑘
2 + 𝑄𝑘

2) 

(7)  

As both 𝑉𝑖 𝑎𝑛𝑑 𝑉𝑘 are positive, the discriminant of the subsequent equation above should be 

greater than or equal to zero. The state when the discriminant given in the equation below is equated 

to zero corresponds to maximum power transferable through the line for stable operation of the 

network, which we call the voltage stability margin of the specified line: 
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√(𝑃𝑘 𝑟𝑖𝑘 + 𝑥𝑖𝑘 𝑄𝑘 −
𝑉𝑖

2

2
)

2

− (𝑟𝑖𝑘
2 + 𝑥𝑖𝑘

2)(𝑃𝑘
2 + 𝑄𝑘

2) = 0 (8)  

𝑄𝑘 =
∓√𝑥𝑖𝑘

2 𝑉𝑖
4 + 𝑟𝑖𝑘

2 𝑉𝑖
4 − 4 𝑥𝑖𝑘

2 𝑟𝑖𝑘 𝑉𝑖
2 𝑃𝑘 − 4 𝑟𝑖𝑘

3 𝑉𝑖
2 𝑃𝑘

2 𝑟𝑖𝑘
2

+
2 𝑥𝑖𝑘 𝑟𝑖𝑘 𝑃𝑘 − 𝑥𝑖𝑘 𝑉𝑖

2

2 𝑟𝑖𝑘
2

 

(9)  

The voltage stability limit obtained from Eq (9) has been described in the (P, Q)—V characteristic 

shown in Figure 2, for different voltage levels 𝑉𝑖. The P-Q plane for a given specific voltage is shown 

in Figure 3, which shows the stable and unstable operating regions as well as the stability limit. The 

Coordinates of the point 𝐶(𝑋, 𝑌) on the stability limit from the current operation point 𝐾(𝑃0, 𝑄𝑜) can 

be determined using the LaGrange multipliers. Where X and Y are the coordinates of the nearest point 

to the current operating point and are variables on the P-Q curve which should be calculated and 

𝑃0 and 𝑄𝑜  are the real and reactive power flow in the specific line under the current operating 

condition. 

As 𝐶(𝑋, 𝑌) is the stability curve: 

𝐶(𝑋, 𝑌) = (𝑟𝑖𝑘𝑋 +  𝑥𝑖𝑘 𝑌 −  
𝑉𝑖

2

2
)

2

 −  (𝑟𝑖𝑘
2  +  𝑥𝑖𝑘

2 )  ( 𝑋2  +  𝑌2 )  

=  0 

(10)  

 

Figure 2. (P, Q)—V characteristic of line. 
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Figure 3. P—Q characteristic. 

The shortest distance from the current operating point 𝐾(𝑃0, 𝑄𝑜), to the voltage collapse is a 

function of the coordinates of 𝐶(𝑋, 𝑌). The minimum distance as shown in the Figure 3, is evaluated 

as follows: 

𝑓(𝑋, 𝑌) = √(𝑋 − 𝑃0)2 + (𝑌 − 𝑄0)2 𝑜𝑟 𝑠𝑖𝑚𝑝𝑙𝑦 𝑓2 = (𝑋 − 𝑃0)2 + (𝑌 − 𝑄0)2 (11)  

Using the LaGrange multiplier, following equation can be obtained: 

𝐹(𝑋, 𝑌, 𝜆) = 𝑓2(𝑋, 𝑌) − 𝜆 𝐶(𝑋, 𝑌) (12)  

𝐹(𝑋, 𝑌, 𝜆) =  (𝑋 − 𝑃0)2 + (𝑌 − 𝑄0)2

− 𝜆 ((𝑟𝑖𝑘𝑋 +  𝑥𝑖𝑘 𝑌 −
𝑉𝑖

2

2
)

2

− (𝑟𝑖𝑘
2 + 𝑥𝑖𝑘

2) (𝑋2 + 𝑌2)) 
(13)  

From partial differentiation of above equation with respect to X, Y and λ, following three 

independent equations are derived: 

𝐹𝑥 = 2𝑋 −  2𝑃0 −  𝜆 (2 (𝑟𝑖𝑘𝑋 + 𝑥𝑖𝑘𝑌 −
𝑉𝑖

2

2
) 𝑟𝑖𝑘 − 2(𝑟𝑖𝑘

2 + 𝑥𝑖𝑘
2)𝑋) = 0 (14)  

𝐹𝑦 = 2𝑌 −  2𝑄0 −  𝜆 (2 (𝑟𝑖𝑘𝑋 + 𝑥𝑖𝑘𝑌 −
𝑉𝑖

2

2
) 𝑥𝑖𝑘 − 2(𝑟𝑖𝑘

2 + 𝑥𝑖𝑘
2)𝑌) = 0 (15)  

𝑓(𝑋, 𝑌) = √(𝑋 − 𝑃0)2 + (𝑌 − 𝑄0)2 𝑜𝑟 𝑠𝑖𝑚𝑝𝑙𝑦 𝑓2 = (𝑋 − 𝑃0)2 + (𝑌 − 𝑄0)2 (16)  
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Coordinates of the nearest point (X, Y) of voltage collapse to the operating point can be evaluated 

by solving the Eqs (14), (15) and (16). The distance can be evaluated by the components of real and 

reactive power deviation as: 

∆𝑃𝑖𝑘 = 𝑋 − 𝑃0 (17)  

∆𝑄𝑖𝑘 = 𝑌 − 𝑄0 (18)  

Consequently, the Critical Boundary Index (CBI) is calculated as: 

𝐶𝐵𝐼𝑖𝑘 = √∆𝑃𝑖𝑘
2 +  ∆𝑄𝑖𝑘

2∠𝜃𝑖𝑘 (19)  

From CBI, the proximity of voltage collapse can be directly seen; as the CBI magnitude 

approaches zero means that system is heading toward voltage instability. Two different values can be 

extracted from the vectoral value of CBI. 

CBI magnitude helps to identify the stability status of the power system, while the phase angle 

𝜃𝑖𝑘 helps us determine the effect of real and reactive power increment as well as compensation on the 

stability: 

𝜃𝑖𝑘 = 𝑡𝑎𝑛−1 (
∆𝑄𝑖𝑘

∆𝑃𝑖𝑘
) (20)  

3. BESS modelling and control 

3.1. BESS modelling and formulation 

With high penetration of renewable energy resources in power systems, battery energy storage 

systems have been an important part of power systems. BESSs are the intermittent part of renewable 

energy sources in power system. BESSs can be an alternative for transmission and distribution network 

equipment upgrade and expansion due to increasing load demand and help as a source of energy during 

peak load and contingencies [24]. To provide both active and reactive power for the network, the BESS 

is considered as a hybrid combination of storage batteries and Voltage Source Converter (VSC). The 

apparent power injected to the bus from BESS can be controlled by VSC. The model of BESS and its 

current source equivalence is given in Figure 4. The battery current is given as a function of injected 

real and reactive power as well as bus voltage. 
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Figure 4. (a) VSC-BESS model and (b) BESS current injection equivalent model. 

𝐼𝑏𝑎𝑡  =  
𝑃𝑏𝑎𝑡  −  𝑗𝑄𝑏𝑎𝑡

𝑉𝑘∠𝛿𝑘
 (21)  

where, 𝐼𝑏𝑎𝑡, 𝑃𝑏𝑎𝑡 and 𝑄𝑏𝑎𝑡 are the current exchange between BESS and grid, the real power injection 

from BESS to the grid and reactive power injection between BESS and the grid, respectively. The 

current constraint is determined by the converter rating (𝑆𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 ) as: 

𝐼𝑏𝑎𝑡
𝑚𝑎𝑥  =  

𝑆𝐵𝐸𝑆𝑆
𝑚𝑎𝑥

𝑉𝑘
𝑚𝑖𝑛

 (22)  

where 𝑉𝑘
𝑚𝑖𝑛, is the lowest permissible and safe bus voltage where the BESS is integrated. The active 

and reactive power output of BESS can be controlled through the phase shift between the voltage and 

current of (VSC) inverter. If the current output of BESS is in phase with voltage, the BESS provides 

pure active power with the maximum active power compensation of: 

𝑃𝐵𝐸𝑆𝑆
𝑚𝑎𝑥  =  𝑆𝐵𝐸𝑆𝑆

𝑚𝑎𝑥  
(23)  

While reactive power limit at every operating condition can be estimated as: 

𝑄𝑏𝑎𝑡(𝑡) ≤  √𝑆𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 2

 −  𝑃𝑏𝑎𝑡(𝑡)2  ≡  𝑄𝐵𝐸𝑆𝑆
𝑚𝑎𝑥  (24)  

3.2. BESS output power control mechanism 

The consequence of BESS installation and its real and reactive power output control on stability 

margin improvement can be seen in the Figure 5. 
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Figure 5. BESS compensation and its effect on voltage stability. 

Voltage stability margin of a power system defines the distance of a power system to nearest 

voltage collapse point under specific condition. In Figure 5, three different operation points are 

considered, A1 and A2 are points far from the stability limit, while point G is located on the stability 

limit or voltage collapse point. Simultaneous increment in both real and reactive power transfer moves 

the operating points to the new operating conditions of B1 and B2, respectively, which are really close 

to the stability margin or voltage collapse point. In the case of B1, pure real power compensation shifts 

the operating point to the point D1, and pure reactive power compensation shifts the operating point 

to C1. Similarly, pure real power compensation in the B2 operating condition, shifts the operating 

point to D2 and pure reactive power compensation shifts to C2. As it can be seen, in the first operating 

condition (in B1 operating point), reactive power compensation has better effect on voltage stability 

improvement and in the second operating point, real power compensation provides better consequence 

on voltage stability. 

Two triangles formed by the red hidden lines in Figure 5 shows the stability angle of operating 

points A1 and A2 referenced from a collapse point G which are 𝜃1, and 𝜃2 respectively. Having into 

consideration, the results in Figure 5, it can be inferred that the smaller the stability angle the more 

reactive power compensation is dominant for voltage stability improvement, contrarily, the bigger the 

stability angle is, the more dominant is the real power compensation on voltage stability improvement. 

Thus, the angle 𝜃 , provides important insights regarding the real and reactive power output 

control of BESS for better voltage stability improvement and should be considered as the parameter 

for BESS output power controller. 

4. Problem formulation 

As described in section 3, BESS is integrated in the system in order to improve the voltage 

stability of the system. Thus, the apparent power output of the overall installed BESSs is minimized 

having the voltage stability and other power system components as system constraints. The effect of 

BESS can be clearly seen on the line voltage stability index (𝐶𝐵𝐼) value, phase angle (𝜃𝑙𝑘), and the 

bus voltages. 
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4.1. Objective function 

In this work BESS is considered to be installed in three different buses considered to be the most 

crucial buses for compensation and the most suitable location for transmission line stability 

improvement. The objective in the system is the minimization of apparent power output of BESSs, as 

a result the minimization of the cost for this compensation. The optimal size is achieved by genetic 

algorithm optimization. Optimization is done for a continuously increasing load power system and the 

optimal size is determined for different loading conditions. The objective function is the minimum 

total apparent power of all BESSs. 

Min:  𝑇𝐵𝐸𝑆𝑆 =  ∑ 𝑆𝐵𝐸𝑆𝑆𝑥

𝑛𝑏𝑎𝑡
𝑥=1  (𝜎) (25) 

𝑆𝐵𝐸𝑆𝑆𝑠
= √𝑃𝐵𝐸𝑆𝑆𝑥

2 +   𝑄𝐵𝐸𝑆𝑆𝑥

2 (26) 

While 𝑛𝑏𝑎𝑡, 𝜎, 𝑆𝐵𝐸𝑆𝑆𝑠
, 𝑃𝐵𝐸𝑆𝑆𝑥

, 𝑄𝐵𝐸𝑆𝑆𝑥
, and 𝑇𝐵𝐸𝑆𝑆 are total number of battery storages installed, 

the load increment step, the apparent power injected by BESS at the selected buses, the real power 

injected by BESS at the selected buses, the reactive power injected by BESS at the selected buses and 

the total of all installed BESSs apparent powers, respectively. 

4.2. System constraints 

Following power system constraints and voltage stability constraints are considered in the system. 

4.2.1. Equality constraints: 

𝑃𝑔𝑙 + 𝑃𝑑𝑙 −  ∑ 𝑃𝑙𝑘

𝑛𝑡𝑙

𝑘=1,𝑘≠𝑙

+ 𝑃𝑏𝑎𝑡𝑥
 (27) 

𝑄𝑔𝑙 + 𝑄𝑑𝑙 −  ∑ 𝑄𝑙𝑘

𝑛𝑡𝑙

𝑘=1,𝑘≠𝑙

+ 𝑄𝑏𝑎𝑡𝑥
 (28) 

4.2.2. Inequality constraints: 

𝑃𝑔
𝑚𝑖𝑛  ≤ 𝑃𝑔𝑙  ≤  𝑃𝑔

𝑚𝑎𝑥 (29)  

𝑄𝑔
𝑚𝑖𝑛  ≤ 𝑄𝑔𝑙  ≤  𝑄𝑔

𝑚𝑎𝑥 (30) 

𝑉𝑚𝑖𝑛  ≤  𝑉𝑙  ≤  𝑉𝑚𝑎𝑥 
(31)  

|𝑆𝐿𝑙𝑘
|  ≤  𝑆𝐿𝑙𝑘

𝑚𝑎𝑥 (32) 

𝐶𝐵𝐼𝑙𝑘  ≥ 0.3           ∀𝑙,𝑘 ∈  𝑛𝑏 
(33)  
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0 ≤  𝑃𝑏𝑎𝑡𝑥
 ≤  𝑃𝑏𝑎𝑡

𝑚𝑎𝑥;       ∀𝑥 ∈  𝑛𝑏𝑎𝑡 (34) 

while 𝑛𝑏𝑎𝑡 and 𝑛𝑏 are the number of batteries and buses, respectively. 

5. Simulation 

5.1. Simulation network and condition 

IEEE 30 bus test system model is considered in this paper for the simulation and operation of the 

proposed voltage stability improvement technique. The IEEE 30 bus test system is a sub transmission 

network with 6 generation buses with a total of 300 MW and 151 MVAR real and reactive power 

generation respectively. The maximum BESS real power compensation is restricted to be 60 MW and 

the base power for the power flow calculations is assigned to be 100 MW in the current research. In 

order to have a better reflection of the BESS compensation on the voltage stability of the system, the 

overall load consumption of the system is incremented step wisely until voltage collapse occurs in the 

system or in other words, the critical boundary index value of at least one line in the system becomes 

very low and tends to approach zero. The load increment can be done according to the equations below: 

𝑃𝑑𝑙 𝑛𝑒𝑤  =  𝑃𝑑𝑙 ∗  𝜎 
(35) 

𝑄𝑑𝑙 𝑛𝑒𝑤  =  𝑄𝑑𝑙 ∗  𝜎 
(36) 

In order to identify the best location buses for BESS allocation, the line stability index values are 

ranked in a loading condition above the base loading level using CBI. At the specified loading 

condition, the weakest lines from voltage stability perspective are ranked as below: 

Table 1. Critical lines ranking near collapse, according to CBI value. 

Rank         Line Number CBI [pu] 

1 38 0.0690 

2 39 0.1549 

3 37 0.1760 

4 36 0.1768 

5 12 0.1858 

6 34 0.1997 

7 2 0.3141 

8 33 0.3990 

9 5 0.4133 

10 15 0.4453 
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Figure 6. IEEE 30 bus test network with critical lines and their power flow direction. 

As shown in the Table 1, the weakest lines are 38, 39, 37, 36, 12 and 34 and so on, while lines 38 

and 39 are mutually linked to the bus number 30, and lines 36 and 37 are linked to bus 27 which is 

again directly linked to bus 30. Line 34 connects buses 25 and 26, while the bus 26 has higher load 

consumption and does not have link to any other bus. Line 33 is again connected to bus number 25. 

The other weaker line is line number 12 which links buses 6 and 10. As it can be seen from the Figure 6, 

line 12 is the line that delivers a high percentage of load to bus 10 and from bus 10 to other load buses, 

where bus 19 is the main consumer of both real and reactive power in its vicinity. The blue arrows in 

Figure 6 show the power flow direction in the most critical lines and this significantly drops the number 

of candidate locations for BESS compensation. Having the CBI values of critical lines, the installed 

loads in the load buses (which can be seen in the network bus data provided in the Appendices), and 

power flow direction in the critical lines, identifies buses 30, 26, and 19 as most suitable buses for 

BESS compensation. 

5.2. Simulation results and discussion 

As described in the above section, buses 30, 26, and 19 are selected to be the best locations for 

BESS installation. The simulation is carried out in two different scenarios. In the first scenario, the 
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voltage stability condition and voltage variation of the system is monitored in a continuously 

increasing load condition. In the second scenario, the system load is continuously increased while 

optimally controlling the real and reactive power compensation of the BESS output simultaneously.  

The simulation results for the first scenario are illustrated in the Figures 7–9. Figure 7 shows the 

line stability index values for a continuously increasing load. As mentioned in the previous sections, 

CBI value shows the closeness of the line to voltage collapse and reaches the collapse at 0 pu. As 

shown in Figure 7, the critical lines are identified to be lines 36–39, 12, and 34 and are all below the 

acceptable threshold CBI value. At the load increment of 190%, the voltage collapse occurs, and at 

this stage the line stability index values are shown in Table 1. 

Figure 8 illustrates the voltage stability angle for the critical lines which distinguishes whether 

real or reactive power compensation has better consequence on voltage stability improvement. As 

shown in the Figure 8, stability margin angle drops significantly in all lines as system load increases.  

System bus voltages are shown in Figure 9, for continuously increasing load while not having 

BESS compensation. The voltage in this system is constrained to be within 0.9–1.1 pu, but as shown 

in the Figure 9, the first bus that passes beyond the minimum acceptable voltage range is bus 30, and 

the second bus passing below threshold voltage is bus 26. Following bus 26 are buses 29, 24, 25, and 19. 

Figure 9 is a good proof for the validity of candidate locations for BESS compensation that are 

buses 30, 26, and 19. Bus 30 will also improve the voltage profile of bus 29 which are directly linked. 

Bus 26 improves the voltage profile buses 24 and 25 as are in the vicinity of each other; finally, the 

other candidate bus is bus 19 both from voltage profile point of view and line stability magnitude point 

of view. 

 

Figure 7. CBI magnitude for continuously increasing system load without BESS compensation. 
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Figure 8. CBI angle for continuously increasing load without BESS compensation. 

 

Figure 9. Bus voltage magnitude for continuously increasing load without BESS compensation. 

Figures 10–12, illustrate the simulation results for the second scenario, while system load is 

continuously increased with simultaneously increasing the optimal real and reactive power output of 

BESSs. As shown in Figure 10, the CBI magnitude of lines are all above the acceptable CBI limit 

of 0.3 pu. The critical lines that all passed below the CBI limit are again identified and are shown to 

be above the CBI limit. 

Figure 11 shows the system voltage for continuously increasing load, while having BESS 

compensation in 3 specified locations. It was obvious from the Figure 9 that even before voltage 

collapse, the voltage magnitude in many buses decrease below the acceptable voltage limit. In this 

case, the voltage collapse may not occur, but power gains the steady state operation in a voltage level 
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that is not acceptable. Figure 10 shows that with optimal control of BESS integration, all buses operate 

in a secure voltage level. 

Figure 12 shows the stability margin angle or CBI angle for the second scenario. As it was obvious 

that with load increment the stability angle or CBI angle decreased significantly with increasing load, 

which means more reactive power compensation is required for stability improvement which is not 

good for inverter operation of BESS. But with optimally controlling the real and reactive power output 

of BESS, the stability angles of the critical lines have improved in Figure 12 which somehow stabilizes 

the effect of both real and reactive power on voltage stability improvement. 

 

Figure 10. CBI magnitude for continuously increasing load with BESS. 

 

Figure 11. Bus voltage magnitude for continuously increasing load with BESS. 
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Figure 12. CBI angle for continuously increasing load with BESS. 

 

Figure 13. Apparent power output of three BESSs with increasing load. 

Finally, the Figure 13, shows the apparent power output of all three BESSs for different loading 

levels. 

6. Conclusions 

As voltage has been one of the major incidents causing the voltage collapse and blackouts, it is 

worth to have a system secure from the voltage stability point of view which is less prone to voltage 

collapse. In this research article, the voltage stability of continuously increasing load system is 

analyzed and optimally improved utilizing the optimal control of real and reactive power output of 

BESS. The results in Figures 10–12 clearly indicates the significance of the proposed method as both 

the stability index value is with the constrained range of higher than 0.3 pu and the voltage pu in all 

buses is within the acceptable range of 0.9–1.1 pu. As expected from Figures 8 and 10 which prove 

that the weakest line is line 30 and the lines in the vicinity of line 30, which requires a higher amount 

of BESS compensation. It is concluded that a combination of real and reactive power compensation 

for voltage stability improvement is a significant and more effective way of voltage stability 

enhancement, and it is better to have a compensation unit which’s output power can be controlled 
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depending on system requirements. As the future steps of research, the 24-hour operation of BESS for 

voltage stability improvement and peak load shaving will be considered having in to account the 

uncertainty of renewable energy integration in to energy systems.  
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