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Abstract

Abstract

Due to the increasing deployment of renewable energy resources, the proportion of conven-

tional power plants is declining. As a result, reduction of frequency-regulation capability

has become a significant challenge to be addressed. To mitigate this issue, battery energy

storage systems are a favorable candidate owing to their fast response, high energy density,

and diversity of battery chemistries.

This thesis provides an improved adaptive state of charge-based droop control strat-

egy for battery energy storage systems participating in primary frequency regulation in a

large network. The proposed method has dual features including providing/absorbing power

to/from the grid considering state-of-charge, and also enhancing short-term frequency re-

sponse by giving an additional boost to the droop coefficient to reduce the maximum fre-

quency dip/rise. It also allows batteries with a low state of charge to participate in frequency

regulation without risking battery degradation or regulation failure.

The performance of the proposed method is compared with three existing methods and

comprehensive simulation studies are conducted to investigate the response of the grid-

side and battery-side converter parameters while undergoing multiple contingencies. The

proposed frequency regulation method has shown an improved frequency response in terms

of maximum frequency dip/rise, compared with frequently utilized methods in the literature.
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From the grid’s viewpoint, the proposed method is beneficial as it fully utilizes the capacity of

the battery energy storage system to support a weak grid with high penetration of renewable

energy resources without exhausting the batteries.
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Chapter 1

Introduction

1.1 Background

Replacement of conventional generation systems with intermittent renewable energy gener-

ation sources has two significant impacts on power systems, namely the reduction of system

inertia and instability of the system frequency [1]. Therefore, frequency regulation has be-

come one of the most important challenges in power systems with diminishing inertia [1, 2].

In modern power grids, energy storage systems, renewable energy generation, and demand-

side management are recognized as potential solutions for frequency regulation services

[1, 3–7]. Energy storage systems, e.g., battery energy storage systems (BESSs), super-

capacitors, flywheel energy storage systems, and superconducting magnetic energy storage

systems, are considered as the most viable solutions among those alternatives [8]. Distinct en-

ergy storage systems have different characteristics, i.e., response time, energy density, power

density, lifetime, and efficiency, and the selection of a suitable energy storage system for a par-

ticular stage of frequency regulation services must be made incorporating the aforementioned
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1.1 Background

characteristics [1, 9]. It is worth mentioning that BESS is presently dominant for frequency

regulation services owing to its high energy density, fast response, low self-discharge rate,

and diversity of materials used [1, 10, 11]. Among different battery chemistries, lithium-ion

batteries are considered the most promising technology as they have significant merit factors

that outnumber their limitations [1, 11].

Conventionally, primary frequency regulation (PFR) methods bring the system frequency

to a new steady after a frequency contingency event with complete deployment within 30

seconds [12, 13]. Hence, PFR services require continuous power for a relatively long period

of time [1]. Thus, BESSs are a favorable candidate for PFR owing to their fast response and

high energy capacity; BESS can also balance generation and demand by either absorbing or

supplying power based on the requirements of the network. At the present time Hornsdale

power reserve in South Australia is the largest lithium-ion BESS with 100 MW/129 MWh

ratings and has been operating since 2017 providing two distinct services including energy

arbitrage (purchasing low-cost, off-peak energy and selling it during periods of high price) and

contingency spinning reserve (fast response to a contingency such as a generation failure) [14].

In 2017, after an unexpected tripping of a large coal power plant, Hornsdale power reserve

was able to respond within milliseconds by delivering several megawatts of power to the

system, thus preventing a potential cascading blackout [14].

Several theoretical and experimental studies have been conducted to analyze the impact

of BESS on PFR based on the improvement of frequency response and economic viability

[15–18]. Furthermore, commercially available grid-scale BESSs (> 10.4 MW) for PFR are

mentioned in [19], which shows the effectiveness of Li-ion batteries for frequency services.

In [20], a hybrid flywheel/battery grid storage solution, developed by Schwungrad Energie

Limited, Ireland, to provide variable droop response is presented. In [21] the East Penn

- 2 -



1.2 Problem Definition

smart grid demonstration project in the US, consisting of battery/ultra-capacitor ESS to

provide FR ancillary services, is described.

Furthermore, various BESS control strategies and comprehensive battery models for PFR

are proposed in the existing literature with their own limitations and strengths. (This will be

further discussed in Chapter 2.) In these approaches, when developing a PFR method, special

attention has been given to maintaining the state of charge (SOC) of the battery within the

pre-defined limits to preserve the lifetime of the battery. Therefore, in most cases, BESS

is to be operated in the frequency regulation phase as well as the SOC recovery phase. If

priority is given to the SOC recovery phase, it can negatively impact the effectiveness of the

frequency regulation phase [10,22]. Therefore, the penalty cost due to regulation failure will

be increased.

1.2 Problem Definition

The International Energy Agency has predicted that renewable energy generation will be-

come the largest contributor to the world’s energy generation portfolio giving a total of

one-third of the world’s energy demand by 2025 and is expected to reach 45% by 2040 [23].

Even though the utilization of renewable energy generation gives rise to multiple economic

and environmental benefits, it poses challenges to the power system including instability of

system frequency and output intermittency.

A power system with high penetration levels of renewable energy generations has a high

Rate of Change of Frequency (RoCoF), which leads to large frequency nadirs within a short

period of time even for a small mismatch between generation and demand. A large frequency

nadir may lead to unintended load shedding or even the collapse of the system if sufficient
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frequency regulation capacity is not present. Therefore, an important aspect of future power

grids with high renewable penetration levels is to hold the frequency above the load shedding

limit for considerably longer periods until non-spinning reserves are brought into service.

Many methods including the utilization of energy storage systems and de-loading of

renewable energy generations are presented to mitigate the above issues by providing fre-

quency regulation services. However, modern power systems with high penetration levels of

renewable energy generation essentially operate at maximum power point and, as mentioned

earlier, grid operators are leaning towards further increasing the level of non-synchronous

generation. Therefore, de-loading of renewable energy generations to provide frequency reg-

ulation is not technically and economically viable. As such, energy storage systems, which

can solve the issue of intermittency of renewable energy sources and also provide ancillary

support are the most suitable candidate to address these problems.

Consequently, it is necessary to select a proper type of energy storage system and develop

its control strategy to provide a particular type of ancillary support. Grid-scale BESS

is considered as the dominant energy storage system, which can cover a wide time frame

including short-term frequency regulation (i.e., PFR) and long-term frequency regulation

(i.e., secondary frequency regulation).

Therefore, to fully harness the potential of batteries for a prolonged time, suitable fre-

quency regulation control strategies must be selected, which improve the system frequency

response and do not exhaust the batteries. Especially, PFR techniques, which supply power

for relatively short periods of time, may require considering the energy capacity and SOC

of batteries to ensure battery availability for additional grid support services including sec-

ondary frequency regulation or contingency spinning. On the other hand, it is worth noting

that the existing SOC-based PFR methods have solely focused on maintaining SOC within
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pre-defined limits instead of prioritizing frequency regulation services. From a system point-

of-view, it is disadvantageous, especially when the power system consists of a high level of

renewable energy generation and less conventional generation. Therefore, a PFR method that

has a proper balance between providing PFR regulation services and maintaining battery

SOC is required. Therefore, in this research, effort has been made to develop an improved

PFR regulation method for grid-scale BESS considering SOC and the energy capacity of

batteries.

1.3 Research Objectives

The objectives of this research are listed below.

• Implementation of a dynamic model of a Li-ion battery incorporating its SOC along

with detailed and average-value models of dc-dc converters and voltage source converter

(VSC) in an EMT simulator (PSCAD/EMDTC).

• Development of an improved adaptive SOC-based droop control for BESS participating

in PFR and performance evaluation of the proposed control strategy using the IEEE

9-bus system while the system undergoes multiple contingencies.

1.4 Outline of the Thesis

A general background of BESS participating in PFR was described in this chapter. Chapter 2

presents a comprehensive literature review on the frequency response of a power system, an

outline of different PFR techniques including their drawbacks, different PFR techniques of

- 5 -
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BESS proposed in the literature along with their limitations, and dynamic models of battery

for frequency regulation.

Chapter 3 describes the proposed adaptive SOC-based PFR method including the cal-

culation of adaptive droop control coefficients and integration of the proposed PFR method

to the power plant controller of BESS.

Modeling of BESS along with its controllers and other components is presented in Chap-

ter 4. A dynamic model of a battery, detailed and average-value models of a bidirectional

dc-dc converter, voltage source converter (VSC), synchronous generator, and wind farm are

developed with their controls.

Chapter 5 presents detailed analysis of the proposed PFR method. To observe its re-

sponse, a test system that consists of a BESS, fixed loads, and a synchronous generator is

developed on PSCAD/EMTDC. The contribution of heterogeneous batteries for PFR and

variation of steady state frequency deviation with battery SOC is observed for two distinct

load change events. Also to exhibit the effectiveness of the proposed PFR method in terms

of improved frequency response, it is compared with frequently employed approaches men-

tioned in the literature, when the BESS is connected to the IEEE 9-bus system. A summary

of system parameters and corresponding values is also presented.

Conclusion, contributions, and suggestions for future work are given in Chapter 6.
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Chapter 2

Literature Review

In this chapter, an overview of the frequency response of a power system with increasing

penetration of renewable energy generation, the utilization of different PFR techniques in-

volving energy storage systems and renewable energy generation, the suitability of BESS for

providing PFR, and various models and control strategies of BESS for PFR are discussed.

2.1 Frequency Response of a Power System

Frequency is one of the key measures that reflects the stability of a power system. Any

mismatch between the demand and generation causes fluctuations in frequency. A surplus of

generation results in an increase in frequency, while a deficit of generation causes a reduction

in frequency. To obtain stable operation, it is necessary to maintain the frequency within

permissible limits to reduce the likelihood of generation and load disconnections.

There are various sets of frequency regulation standards defined by different system

operators for nominal and contingency events. The frequency operating standards defined

by the European Network of Transmission System Operator for Electricity (ENTSO-E) are

- 7 -
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given in Table 2.1.

Table 2.1: ENTSO-E Network Code [1]

Great Britain
(GB)

The continental
Europe (CE)

The inter-Nordic
system (NE)

The all-island
Irish

system (IRE)
Standard frequency
deviation range

± 0.2 Hz ± 0.05 Hz ± 0.1 Hz ± 0.2 Hz

Maximum instantaneous
frequency deviation

0.8 Hz 0.8 Hz 0.8 Hz 0.8 Hz

Maximum steady state
frequency deviation

0.5 Hz 0.2 Hz 0.5 Hz 0.5 Hz

Frequency recovery range ± 0.5 Hz not used not used ± 0.5 Hz
Time to recover frequency 60 s not used not used 60 s
Frequency restoration
range

± 0.2 Hz not used ± 0.1 Hz ± 0.2 Hz

Time to restore frequency 600 s 900 s 900 s 1200 s

Table 2.2 shows the North American frequency standard defined by North America

Electric Reliability Corporation (NERC).

Table 2.2: Comparison of North American cases - conventional generation [24]

Region
Deadband

(mHz)
Droop Response time

requirement
Minimum
Duration

Global 36
5%

(3% - 5%)
5s

(0.2 - 10s)
N/A

United States <36 <5% No undue delay Sustained

Texas, US
<34 (steam/hydro)

<17 (all other)
4% -5% 14s-16s 30s

New England, US <36 4% -5% No undue delay Sustained
PJM, US <36 <5% No undue delay Sustained

Ontario, Canada <36 2% -5% <1s
(activation time)

10s

- 8 -



2.1 Frequency Response of a Power System

Figure 2.1: Frequency response stages stipulated by ENTSO-E [1].

In conventional power systems, synchronous generators instantaneously and naturally,

i.e., without control or measurements, speed-up/slow-down by absorbing/providing the en-

ergy from/to the power system in the event of a mismatch of generation and demand [25].

Typical variations of frequency after the occurrence of an event and necessary actions to

mitigate the frequency deviation are shown in Figure 2.1. In a conventional power system,

during frequency events, synchronous generators improve frequency dynamics by releas-

ing/absorbing kinetic energy stored in their rotating masses. This inherent characteristic is

called inertial response (IR). It typically lasts for up to 10 s, which depends on the charac-

teristics of the system. This stage is followed by the primary frequency regulation, which

stabilizes the frequency to a new steady state value within tens of seconds (typically within

30 s). Secondary frequency regulation removes the steady-state deviation that emerges after

PFR and restores the frequency back to its nominal value over a period of 30s–30 min [13].

In modern power systems with few synchronous generators, applications of several alter-
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2.2 Primary Frequency Regulation Techniques

natives including renewable energy generations (wind turbine and solar photovoltaic), loads

using demand side management, and energy storage systems for frequency regulation ser-

vices have been investigated [23, 26]. Among them, energy storage systems are shown to be

an effective solution to improve the frequency response thanks to their fast response and

substantial storage capacity [27].

In particular, utility-scale BESSs are frequently employed as operating reserves and pro-

vide ancillary services that operate on distinct timescales, ranging from seconds to hours.

Since batteries can charge/discharge rapidly, they are convenient for short-term ancillary ser-

vices such as PFR. Therefore, power-frequency droop control of BESS has shown remarkable

improvement in PFR services [28, 29]. It is worth noting that an appropriately-sized BESS

can participate in longer-duration services as well. However, many stakeholders may not

have fully realized the capabilities of BESS including the ability of a single BESS to provide

multiple services. Employing a properly-designed multi-functioned BESS in a modern power

system with diminishing conventional generation is particularly valuable from an economic

standpoint.

2.2 Primary Frequency Regulation Techniques

This section provides an outline of different PFR techniques in the presence of renewable

energy generation along with the strengths and limitations of each technique. Many stud-

ies have been conducted to explore the use of variable-speed wind turbine generators for

PFR services. To do so, variable-speed wind turbine generators (e.g., doubly-fed induction

generators) must be operated in a de-rated manner and provide less power output than the

available power [3]. It ensures the availability of a spinning reserve to provide active power
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2.2 Primary Frequency Regulation Techniques

in case of a frequency contingency event. De-loading is divided into two types, namely delta

mode and balanced mode [30]. In delta mode, the output is reduced by a defined percentage

of the available power, while in balanced mode the output power is decreased by a fixed

value. Frequently-employed de-loading is realized by pitching the blades [31]. By doing so,

the reference power to the pitch controller is adjusted to a specific value to achieve a targeted

de-loading level [32, 33].

Most studies have adopted a droop control method to provide PFR by wind turbines,

which is again divided as static droop and variable droop control [34, 35]. Static droop

control is similar to the conventional synchronous generator governor control, which supplies

active power based on frequency deviation [36]. In the variable droop control method, the

dead-band slope can be adjusted according to the de-loading level and wind speed. It is

stated that this method improves the frequency response while reducing extra structural

loading and it allows each wind turbine to participate in PFR based on its own available

power reserve according to the local wind speed [35]. Despite these improvements, the

aforementioned PFR methods using wind turbines depend on the variation of wind speed,

which is uncertain, and suffer from other limitations mentioned in Table 2.4, Therefore, to

mitigate these issues, implementation of ESS is proposed [37].

In the current literature, frequently utilized PFR methods using solar power plants in-

clude de-loaded control [5–7, 38, 39] and delta power control [40]. In de-loaded control, the

PV system contributes to the PFR by operating away from its maximum power point. The

aim is to keep a portion of the PV output as reserve such that whenever there is an increase

in load power, the reserve power can be used for frequency regulation. In [5] and [41], the

traditional droop control is included in the control loop to adjust the PV power according

to the frequency deviation. An adaptive de-loading technique is introduced in [42] allowing
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2.2 Primary Frequency Regulation Techniques

the PV plant to adjust its output power according to rapid frequency deviations. Delta

power control is another method of PFR, which allows a certain set of PV panels to oper-

ate at maximum power point while others are de-loaded to create a reserve. The operating

point is adjusted to limit the PV power output, which leads to delta power production. The

limitations of the above-mentioned methods are listed in Table 2.4.

Energy storage systems participate in PFR by absorbing/providing power from/to the

grid according to the frequency deviation [1]. Frequently employed energy storage systems

are super-capacitors (SCs), flywheel energy storage systems (FESSs), superconducting mag-

netic energy storage systems (SMESs), and BESS [43–45]. The characteristics of energy

storage systems for frequency regulation are given in Table 2.3.

Super-capacitors have the characteristics of electrochemical batteries and traditional ca-

pacitors. To achieve high performance, the capacitance of a super-capacitor can be enhanced

by utilizing nano-materials to increase the surface area of its electrode [46]. In [47], super-

capacitors participate in PFR and secondary frequency regulation according to an adaptive

generalized predictive control. However, due to high power density and high efficiency, it is

best suited for short-term rather than long-term power applications [48].

A flywheel energy storage system is an electromechanical storage device, which stores

energy in the form of the kinetic energy of a rotating mass [49]. It has a rotating cylinder

coupled with an electrical machine, which acts as a motor and generator during charging

and discharging, respectively. A droop control method based on the SOC of the flywheels

is proposed in [50] for wind-flywheel systems to participate in PFR and it is stated that the

contribution of the flywheel has reduced the requirement of wind turbines to operate in the

de-loaded mode. However, flywheels have low energy density making it difficult to operate

them as a standalone energy storage system.
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2.3 Primary Frequency Regulation by BESS

Table 2.3: Characteristics of Different Energy Storage Systems [24,51–53]

Technology
Power

density

(MW/m3)

Energy

density

(kWh/m3)

Energy cost

($/kWh)

Cycle

efficiency(%)
Life cycles

FESS 1- 2.5 20-100 1000-14000 90 -95 20000 -
100000

Li- ion
batteries 0.4 - 2 200-600 240 -2500 90 -97 up to 20000

SMES 1 - 4 20-100 1000 -10000 95-98 20000
-100000

SCs 0.4 -10 4-100 500 - 15000 90 -97 50000 -
1000000

2.3 Primary Frequency Regulation by BESS

The most frequently-utilized PFR applications of BESS are rule-based control strategies,

model predictive control, and droop control methods (fixed droop and variable droop meth-

ods). It is worth mentioning that advanced control schemes, namely model predictive and

rule-based controls, give better performance, at the expense of complexity and computational

burden [1].

In [16], a rule-based control method, which adjusts the limits of SOC based on a statis-

tical analysis of frequency measurements, is proposed for BESS to provide PFR. The main

objective of this method is to optimally determine the capacity of the battery to maximize

the profit for the owner. Therefore, the impact of this method on grid frequency has not

been fully considered. A state-machine-based control strategy for BESS participating PFR

is described in [57] to support wind power plants and instead of allowing the battery SOC to

vary between maximum and minimum limits, it is controlled to operate at an optimal value
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2.3 Primary Frequency Regulation by BESS

Table 2.4: Limitations of Existing PFR Techniques

Platform Limitations

Wind Turbine

[3, 4, 30,54–56]

• Speed recovery phase, especially under low wind speed conditions, causes
frequency secondary dip.

• Influence of error in wind speed measurement can negatively influence
frequency regulation especially when defining the de-loading ratio and
setting the reference rotational speed. Therefore, some wind turbines
may become unstable due to a lack of sufficient reserve margin while
providing PFR support.

• Special actions should be taken in the event of insufficient wind speed;
i.e; over-loading the wind turbine.

• Wind energy is wasted because of de-loading or/and during the recovery
phase after providing power for frequency regulation.

• An appropriate de-loading ratio must be selected to achieve maximum
power, otherwise, the capacity factor can be reduced.

• Overloading techniques, intensive rotational speed control, and pitch de-
loading reduce the lifetime of the wind turbine.

• The cost due to wind power curtailment causes a negative impact on
wind farm revenue.

Solar PV

[5–7,38,39]
• Inadequate de-loading may cause system to become unstable in a fre-

quency contingency event.
• Excessive de-loading puts unnecessary burden on grid planners in terms

of economics.
• Requirement of additional solar strings, temperature, and irradiance sen-

sors will put a burden on economics on solar revenue.
• De-loading is not yet suitable for large-scale grids.
• PV system cannot participate in under-frequency events when being op-

erated at PV power curtailment.

ESS

[1,46,48]

SC • Daily self-discharge rate and capital cost is high.
• Energy density is relatively low.

FESS • Energy cost is high.
• Energy density is relatively low.
• High self-discharge rate.

SMES • Energy cost is high.
• Energy density is relatively low.
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2.3 Primary Frequency Regulation by BESS

(i.e., SOC of 50%) to preserve the battery life.

Droop control, which is simple and easy to implement, is commonly adopted for PFR. It

regulates the battery’s power output according to the frequency deviation as in conventional

synchronous generators [58], [9]. Droop control methods are mainly divided into two groups:

• Fixed droop control methods

As shown in Figure 2.2, a fixed droop control method has a linear relationship between

the frequency and the power output of the BESS [1]. In Figure 2.2, fgrid is the grid

frequency, and fnom is the nominal frequency. A dead band is applied to ensure that

PFR is supplied only after the frequency deviation (fgrid - fnom) exceeds a pre-defined

value (e.g., ± 0.003 pu). P ∗
ref is the plant’s reference set point and PPOI is the mea-

sured power at the point of interconnection. Rbess is the droop coefficient. The droop

coefficient of conventional generators is normally set at 0.04 or 0.05 pu. Pmax and Pmin

are the maximum and minimum power limits.

+
-

fgrid

fnom

Constant droop Dead-band

1/ Rbess  +
-

PPOI

P*ref
Pmax

Pmin

Pref
+

Figure 2.2: Simplified model of PFR with fixed droop.

In [59, 60], the conventional droop control method is implemented to size a single

BESS. In [61], conventional droop control with adjustable droop coefficients, adjustable
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2.3 Primary Frequency Regulation by BESS

maximum/minimum power, and adjustable dead-band is proposed for a 1 MW BESS

to provide frequency regulation for the islands of Hawaii.

• Variable droop control methods

With a fixed droop control method, during under-frequency events, the BESS can

reach the minimum SOC limit while over-frequency events could make BESS reach

the maximum SOC limit. Therefore, overcharge/over-discharge may occur leading to

battery degradation [62]. As shown in Figure 2.3, a variable droop control method

takes the battery’s SOC into consideration to avoid such scenarios. Rbess(SOC) is the

variable droop coefficient.

In [62–64], several modified droop control methods with distinct droop coefficients for

charging/discharging are proposed for BESS providing PFR. The main focus of these

approaches is to preserve battery life by allowing batteries with high SOC to give

more power and batteries with low SOC to give less power during a discharging event.

Frequently-utilized variable droop control methods, namely conservative and radical

methods, are detailed below.

+
-

fgrid

fnom

Variable droop Dead-band

1/ Rbess(SOC)  +
-

PPOI

P*
ref

Pmax

Pmin

Pref
+

SOC

Figure 2.3: Simplified model of PFR with variable droop.
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2.3 Primary Frequency Regulation by BESS

1. Conservative strategy

The Conservative strategy proposes a control method based on available SOC in

the battery as shown in (2.1).

K = Kmax ∗


SOC2 ∆f ≤ 0

(1 − SOC)2 ∆f > 0
(2.1)

where Kmax is the maximum droop value and and K is the droop coefficient.

Figure 2.4 shows the relationship between the droop coefficient and SOC. It pays

attention to SOC, which allows more power output when SOC is high and less

power output when it is low.

SOC

K

Discharging

Charge

Kmax

0 1

Figure 2.4: Characteristic curve for conservative strategy [63].

2. Radical strategy

As shown in Figure 2.5, the radical strategy uses maximum SOC (SOCmax), min-

imum SOC (SOCmin), as well as high SOC (SOChigh) and low SOC (SOClow) to
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2.3 Primary Frequency Regulation by BESS

limit the power output of the battery. The charging curve is concave down (de-

creasing) within SOClow and SOCmax and the discharging curve is concave down

(increasing) within SOCmin and SOChigh.

In [63], for SOChigh and SOClow, values of , 20% and 80% are employed to preserve

the lifetime of the battery.

K = Kmax ∗


(1 − ( SOC − SOChigh

SOCmin − SOChigh
)2) ∆f ≤ 0

(1 − ( SOC − SOClow

SOCmax − SOClow
)2) ∆f > 0

(2.2)

SOC

K

Charge

Kmax

Discharge

SOCmax
SOCmin SOClow SOChigh

0 1

Figure 2.5: Characteristic curve for radical strategy [63], [65].

Table 2.5 shows the key factors of the above mentioned droop control strategies. Even

though allowing the battery to provide less power when SOC is low is favorable from the

battery’s point of view, the system may suffer from a lack of frequency regulation capacity
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2.3 Primary Frequency Regulation by BESS

during severe contingency events. It may lead to under-frequency load shedding and ac-

tivation of RoCoF relays. Therefore, in this thesis, an adaptive SOC-based droop control

method is proposed, which incorporates the merits of both conservative strategy and radical

strategy. It accommodates several subsections of SOC to present more variation to the droop

coefficients within these intervals.

It should be noted that, in this thesis, SOCmax and SOCmin are considered as 0.9 and 0.1

and they are not the maximum (i.e., 1.0) and minimum SOC (i.e., 0) levels that a battery

can reach regardless of considering battery longevity.

Table 2.5: Key Factors of Droop Control Techniques

Method Key Factors

Fixed droop
method

This method does not consider the influence of SOC of batteries
on droop coefficient. Therefore, battery over-charging/over-discharging
can occur.

Variable droop
method

Conservative
strategy

During charging process, from 0 to 1,
the decrease rate of Kc also decreases and during discharging process,
the increase rate of Kd increases.
Even though this method changes Kc and Kd according to SOC,
it prioritizes maintaining SOC instead of supplying/absorbing more
power to/from the grid.

Radical
strategy

During charging process, from SOClow to SOCmax, the decrease rate of Kc

increases, and during discharging process, from SOCmin to
SOChigh, the increase rate of Kd decreases.
This method is an improved method of conservative strategy.
As opposed to the conservative method, during the charging period,
at high SOC, it absorbs more power and during discharging period,
at low SOC, it supplies more power.
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2.4 Dynamic Models of Battery for Frequency Regulation Studies

2.4 Dynamic Models of Battery for Frequency Regu-

lation Studies

Several battery models with different merits and limitations have been proposed for frequency

regulation services, including a Thevinen model, non-linear Shephard model, first-order lag

model [66], first-order lag model with SOC [67], battery equivalent circuits with converter

[68], and incremental BESS model [69,70].

With a voltage source, a series resistance, and a parallel RC branch, the Thevenin

model represents the dynamic behavior of a battery to a large extent. Adding more RC

branches can improve the dynamic response, but due to the compromise between complexity

and computational cost, it is not suitable for frequency regulation services [71]. In [72], a

Thevinen model is employed for PFR studies, the SOC’s dependence on battery parameters

is ignored. First-order lag models and first-order lag models with SOC are often used for

frequency regulation services, especially for secondary frequency regulation studies.

In [66], a first-order lag model is utilized to evaluate the performance of a PI controller

for frequency regulation in a solar thermal-diesel-wind hybrid renewable system. The objec-

tive of [66] is to optimize the PI controllers’ gains in the hybrid system. In [67], a first-order

lag model with SOC is used to suppress frequency deviations in wind power generation and

the performance of the proposed method is simulated using a two–area Load Frequency

Control (LFC) model. Even though only one parameter (time constant) is required, inter-

nal characteristics are represented in neither of the above-mentioned models. In [68], the

BESS is represented using a converter connecting an equivalent battery where the battery

is represented as a capacitance and equivalent resistance. However, an RC parallel branch

is added to describe the energy and voltage variations during charging or discharging; SOC
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dependence is not considered. An incremental model is similar to the battery equivalent

circuits and is widely used in Load Frequency Control studies [69]. The only difference is

that in the incremental BESS model, the terminal voltage of the battery is not considered

an input signal.

In [73], the battery is represented as a voltage source in series with a resister. However,

the dynamics of the dc-dc converter and voltage source converters are not considered; the

effect of SOC is not included. The adopted battery model in this research is the Shephard

model, which describes the electrochemical behavior of a battery in terms of its terminal

voltage, open circuit voltage, internal resistance, charge/discharge current, and SOC [74].

This model is further discussed in Chapter 4.

2.5 Chapter Summary

It is evident that future power grids will be equipped with more renewable sources and less

conventional generation. Therefore, if the application of BESS is proposed as an ancillary

service (i.e., PFR), it is important to hold the frequency above load-shedding limits for a

considerably long period by using BESS, until non-spinning reserves are brought into service.

Among various PFR techniques of BESS, the variable droop control strategy is considered as

a simple and easy method to implement. An essential feature to have in these variable droop

control methods is the proper balance between providing PFR service and maintaining the

SOC of batteries. Since prioritizing balancing SOC instead of participating in PFR can lead

to regulation failure, it will increase the penalty cost assessed for regulation failure.
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Chapter 3

SOC-Based Adaptive Droop Control

Method

3.1 Overview

In this chapter, a comprehensive description of the proposed PFR method and its key features

are discussed. As the initial step, an overview of the operation of grid-connected BESS

providing PFR is presented here.

Figure 3.1 shows the active power-frequency droop characteristics of the BESS. It also

depicts the variation of discharging droop coefficient (Kd) and charging droop coefficient

(Kc) between 0 and the maximum droop coefficient (Kmax).

Pmax is the maximum charging/discharging power, ∆fmax is the maximum frequency

deviation, Kmax is the maximum droop coefficient, and ∆fdb is the dead-band within which

the BESS remains idle; ∆f is the frequency deviation at a given time; fm is the measured

grid frequency and fnom is the nominal grid frequency. With the change in the SOC of
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batteries, Kd and Kc vary between 0 and Kmax. The relationship between power-frequency

for charging/discharging is given in (3.1), (3.2) and (3.3) .

Figure 3.1: Droop characteristics of the BESS.

∆f = fm − fnom (3.1)

Kmax = Pmax

∆fmax − ∆fdb
(3.2)

PBESS =



(−∆f + ∆fdb) ∗ Kc, (fnom + ∆fdb) < fm < (fnom + ∆fmax)

−(∆f + ∆fdb) ∗ Kd, (fnom − ∆fdb) > fm > (fnom − ∆fmax)

0, 0 ≤ |fm − fnom|≤ ∆fdb

Pmax, |fm − fnom|⩾ ∆fmax

(3.3)

- 23 -



3.2 Proposed Primary Frequency Regulation Method

In Section 3.2.1, mathematical expressions for Kd and Kc within the intervals of SOC

and the way they influence the power output of the BESS are discussed.

3.2 Proposed Primary Frequency Regulation Method

In this section, the calculation of adaptive droop coefficients based on SOC, validation of

the proposed droop control method against existing variable droop control strategies, en-

hancement of short-term frequency support to reduce maximum frequency dip/rise, and

integration of the proposed PFR method in the power plant controller (PPC) of the BESS

are discussed.

3.2.1 Calculation of Adaptive SOC-Based Droop Coefficients

The method proposed in this thesis is a hybrid of the conservative and radical strategies and

gives different droop coefficients for various subsections of SOC curve (see Figure 3.2). The

equations for the proposed SOC-based droop control are shown in Table 3.1. Regulation of

the charging/discharging process of BESS according to the SOC-based droop coefficient is

further explained below.

For a particular battery, SOCmax and SOCmin are defined and given as inputs to the

algorithm. As mentioned earlier SOCmax and SOCmin are 0.9 and 0.1. In an under-frequency

event and if the battery SOC is above SOCmax, to provide maximum power the battery will be

discharged with maximum droop coefficient, which is Kmax. From SOCmax to SOCmid (which

is (SOCmax + SOCmin)/2) , when SOC decrease, Kd decreases, although the decrease rate

of Kd is comparatively low. From SOCmid to SOCmin, Kd decreases rapidly. If the SOC is

below SOCmin, the corresponding battery will not be discharged to prevent over-discharging.
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K 

Kmax

SOC

Charging

0

Kmax
Discharging

KdKc

SOC min SOC max
1

2

SOCmid

Figure 3.2: Variation droop coefficients as a function of SOC.

In an over-frequency event, if the battery SOC is below SOCmin, the corresponding

battery will be charged with maximum droop coefficient, which equals Kmax. From SOCmin

to SOCmid, when the SOC increases Kc decreases; the decrease rate of Kd is low. From

SOCmid to SOCmax, Kc decreases, although the decrease rate of Kc is fast. If the SOC is

above SOCmax, the battery will not be charged to prevent over-discharging. Figure 3.3 shows

the flowchart of the adaptive droop control method with corresponding inputs and outputs.

As shown in Figure 3.3, if the frequency deviation is within the dead-band (∆fdb) no

battery will be charged or discharged, and if the frequency deviation is greater than or

equal to the maximum deviation (∆fmax) the battery will be charged or discharged giving

maximum power regardless of battery SOC. If |∆f | is within [∆fdb,∆fmax], the amount of

power the battery is required to supply/store is calculated.
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3.2 Proposed Primary Frequency Regulation Method

Table 3.1: Equations for Charge/Discharge of BESS

Discharging Charging

if SOC ⩽ SOCmin

Kd = 0

if SOC ⩽ SOCmin

Kc = Kmax

if SOCmin ⩽ SOC ⩽
(SOCmin + SOCmax)

2

Kd = 2Kmax( SOCmax − SOC

SOCmax − SOCmin
)2

if SOCmin ⩽ SOC ⩽
(SOCmin + SOCmax)

2

Kc = Kmax(1 − 2( SOC − SOCmin

SOCmax − SOCmin
)2)

if (SOCmax + SOCmin

2 ) ⩽ SOC ⩽ SOCmax

Kd = Kmax(1 − 2( SOC − SOCmin

SOCmax − SOCmin
)2)

if (SOCmax + SOCmin

2 ) ⩽ SOC ⩽ SOCmax

Kc = 2Kmax( SOCmax − SOC

SOCmax − SOCmin
)2

if SOC ⩾ SOCmax

Kd = Kmax

if SOC ⩾ SOCmax

Kc = 0
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3.2 Proposed Primary Frequency Regulation Method

To observe this, the test system shown in Figure 3.4(a) with a BESS of 0.85 MW, 0.5kAh

interfaced to an ac system is considered. For different SOC and frequency deviation (∆f)

values, the output power of the battery, (P b), is measured. ∆fmax and ∆fdb values are 0.15

Hz and 0.01 Hz.

When the frequency is within the dead band, BESS is idle absorbing/giving no power

from/to the grid. During the charging period, when SOC increases, the amount of power

absorbed by the battery decreases. During the discharge period, when SOC decreases, the

amount of power supplied by the battery also decreases (see Figure 3.4(b)).

Battery

Pb
VSC

dc
-d
c

co
nv
er
te
r +

-
Vdc

~

T1

SOC

Δf

(a)

(b)

Figure 3.4: Power output variations of BESS with SOC and frequency deviation.
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3.2.2 Validation of the Proposed PFR Method against Existing

Methods

In this section, the behavior of three algorithms (the proposed method, conservative strategy,

and radical strategy) are tested for given frequency deviations on the grid side. The main

objective of this study is to observe the variations of SOC and the output power given by

each method.

A test system with a battery (0.5 kAh, initial SOC of 1.0 (i.e. 100%)) is considered to

which a variable resistive load is connected as shown in Figure 3.5. The detailed modeling of

the battery and calculation of battery SOC is presented in Chapter 4. The variable resistive

load is a simple representation of the inverter as seen by the battery. The initial transients

of the frequency of the ac system (not modeled) are not considered. In this test system, a

situation where the system is settled at a 2% (i.e., 1.2 Hz) of persistent frequency dip (∆f) is

considered in order to observe the behavior of different droop algorithms. A detailed study

including the dynamics of BESS for frequency deviations due to multiple contingencies is

given in Chapter 5.

Battery

SOC

Resistive
load

SOC

Δf

PbDroop
control
AlgorithmVb

Rb

Figure 3.5: Schematic diagram of a simple test System.

Inputs to the droop control algorithm are SOC and frequency deviation (∆f). Vb is the

battery’s terminal voltage which is 1.9 kV and Pb is the required power calculated by the
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droop controller. The resistive load value is calculated below.

Rb = V 2
b

Pb
(3.4)

Figure 3.6 shows the variation of battery SOC, power, and energy consumed by the load

for each droop control strategy. Conservative strategy is more concerned about preserving

SOC, therefore it gives less power, and the variation of SOC is also less compared to the

other methods. The radical strategy gives more power without considering the level of SOC,

and consequently the reduction of SOC is more. The proposed method combines the merits

of the conservative strategy and radical strategy by giving more output power when SOC is

relatively high (as the radical strategy) and preserving the battery SOC by giving less power

when SOC is relatively less (as the conservative strategy).
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Figure 3.6: (a) SOC (b) battery power (c) energy consumed by the load

- 30 -



3.2 Proposed Primary Frequency Regulation Method

Figure 3.7 shows the variation of battery power with SOC for all three strategies and

they are similar to the characteristic curves mentioned in 2.3.
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Figure 3.7: Battery power vs SOC (a) conservative (b) radical (c) proposed method
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3.2.3 Enhancement of Short Term Frequency Support to Mini-

mize the Maximum Frequency Dip/Rise

One limitation of the proposed method is during an under-frequency event, it will provide

maximum power to the grid only when the battery’s SOC is greater than SOCmax. From the

system’s viewpoint, this is unfavorable, because a grid-scale BESS with high energy capacity

can support the grid by providing maximum power even with lower-than-maximum SOC

for a small period of time. Likewise, a BESS with SOC higher than the minimum can be

charged at maximum droop coefficient (Kmax) for short time period.

Further explaining this, in a discharging scenario, Kmax is only achievable when the SOC

is at SOCmax; for any SOC below SOCmax, Kd will be less than Kmax. As a result if the

BESS observes an under-frequency event when it is not at a fully charged state (i.e, SOC is

less than SOCmax), then the initial power given by BESS is determined by a Kd value that

is less than the Kmax.

This can be improved if the BESS is always set to operate at the Kmax value for a

short interval of time, disregarding the SOC, whenever a frequency event is triggered. Also,

the value of the droop coefficient can be slowly brought down to the value determined

by the droop curve (Kd) with time. The duration of this interval can be determined by

considering the SOC. A similar modification may be applied to the charging coefficient as

well. The advantage of this improvement is that due to the additional boost given to the

droop coefficients (i.e., Kd and Kc) the maximum frequency dip/rise will be reduced. The

process is explained below.

1. As the first step, the time duration of the boosted action (Tboost), when the battery

supplies/absorbs power to/from the grid after a disturbance, is calculated based on the
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3.2 Proposed Primary Frequency Regulation Method

SOC, Pmax, and the maximum energy capacity (Emax) of the battery.

Tboost = Emax ∗ SOC

Pmax
(3.5)

2. Then, Kd (or Kc) is modified into Kd,mod (or Kc,mod) as below. It should be noted that

Kd and Kc are calculated according to the equations in Table 3.1.

Kd,mod = Kmax − Kd

(e
(t−

Tboost

2 )
+ 1)

+ Kd (3.6)

Kc,mod = Kmax − Kc

(e
(t−

Tboost

2 )
+ 1)

+ Kc (3.7)

Figure 3.8 shows the variation of modified droop coefficients (Kd,mod, Kc,mod) with time. Tbd

is the time it takes the frequency to exceed the dead band value.

Kd,mod / Kc,mod  

Time (s)

Kmax

Kd, Kc

Tbd Tboost (Tboost + Tbd)

Figure 3.8: Variation of modified droop coefficients (Kd,mod, Kc,mod) with time.

With this modification, the power system is supported by the BESS during the initial
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3.2 Proposed Primary Frequency Regulation Method

stage of disturbance by operating at the Kmax. By doing so, it will prevent the frequency

from exceeding standard limits; accordingly unscheduled load shedding and activation of

RoCoF relays can be avoided. The advantage of modified droop coefficients is presented

in section 5.3.3. It will show how the grid frequency is improved in terms of maximum

frequency dip and how it does not negatively impact SOC.

3.2.4 Power Plant Controller (PPC) of BESS

Previous sections of this chapter discussed the development of the proposed PFR method.

This section presents the integration of the proposed PFR method to the PPC of BESS.

As shown in Figure 3.9, the battery SOC is an input to the PPC from the battery.

System frequency (fPOI) is measured using a phase-locked loop (PLL). Active power (PPOI),

reactive power (QPOI), and the RMS voltage (VPOI,rms) at the point of interconnection (POI)

are the other inputs to the PPC. The outputs of the PPC are the active power command

(Pref) and reactive power command (Qref) (discussed in Section 4.4).

BESS

T1

Power Plant

PPOI

QPOI

POI

Network

Power plant 
controller

QPOI

PPOI

VPOI,rms

fPOI

SOC

Qref

Pref

Figure 3.9: Block diagram of PPC of BESS.
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Pmin,1
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+
+

P*ref

PPOI

-Droop 
Control

SOC

-

+

fnom

fPOI

Figure 3.10: Controller paths within the PPC.

As shown in Figure 3.10, the generic renewable plant control model in PSS/E (REPCA1)

is modified by adding the proposed adaptive SOC-based droop algorithm. fnom is the nominal

grid frequency, Vref is the reference voltage and P ∗
ref is the power plant’s reference set point.

Pmax,1 and Pmin,1 are the upper and lower limits of the power reference, respectively. In this

scheme, the PPC injects reactive power proportional to the voltage deviation at POI. Qmax

and Qmin are the upper and lower limits on the output of the V/Q control; KC is the reactive

power compensation gain.

The values of corresponding parameters for simulation studies are shown in Appendix

A.
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3.3 Chapter Summary

It can be concluded that the proposed adaptive SOC-based variable droop control method

has dual features of providing/absorbing power to/from the grid based on battery SOC

and improving short-term frequency response by giving an additional boost to the droop

coefficients. The proposed method consists of the merits of the often-employed variable droop

PFR techniques (i.e., conservative strategy and radical strategy). The merits are: during

an under-frequency event, when SOC is high, it supplies more power as the radical strategy

and when SOC is low, it gives less power as the conservative strategy. The integration of

the proposed method into the PPC of BESS is presented with corresponding controllers.
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Chapter 4

Modelling of Battery Energy Storage

Systems

4.1 Battery Model

The battery model employed for this study is the Shepherd model, selected due to its rea-

sonably high accuracy and simplicity [74]. In this model, the electrochemical behavior of

a battery is described in terms of the terminal voltage, open circuit voltage, internal resis-

tance, and discharge current/charge current. The expression in (4.1) describes a lithium-ion

battery model.

Vbatt = E0 − Ri − K
Q

Q −
∫

i(t)dt
+ Ae−B

∫
i(t)dt (4.1)

where

Vbatt = battery voltage (V)

E0 = battery nominal voltage (V)

K = Polarisation constant (VAh-1) or polarisation resistance (Ω)
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4.1 Battery Model

Q = Battery capacity (Ah)

A = Exponential zone amplitude (V)

B = Exponential zone time constant inverse (Ah-1)

R = Internal resistance (Ω)

i(t) = Battery current (A)

It is assumed that the internal resistance (R) is constant during charging and discharging

and does not depend on the SOC and other battery temperature. Self-discharge of the

battery is not taken into consideration. Battery parameters are extracted from discharge

characteristics and are assumed to be the same for charging as well. The Li-ion battery cell

parameters in [74] and shown in Table 4.1 are adopted in this study.

Table 4.1: Battery Cell Parameters

Parameter Li-ion cell (3.3 V, 2.3 Ah)
E0 [V] 3.336
R (Ω) 0.01
K (Ω) 0.0076
A [V] 0.26422

B [Ah-1] 26.5487

SOC calculation method

In this study, the Coulomb counting method is used to calculate the battery’s SOC. In

this method, as shown in (4.2), the SOC is calculated by accumulating the charge flowing in

or out of the battery [11].

SOC = SOC0 − η

Crated

∫
idt (4.2)

where SOC0 is the initial SOC and Crated is the rated capacity. The Coulomb counting

method can be improved by considering Coulombic efficiency. It is defined as the ratio of
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R

+

-
E

∫itE = E0 - K *Q/(Q-∫it) + A*exp(-B*it)

+

-

Vbatt

i

Figure 4.1: Shepherd battery model.

the discharging capacity to the charging capacity. As it depends on the current rate (dis-

charge or charge), an equivalent Coulombic efficiency (η) is developed including discharge

Coulombic efficiency and charge Coulombic efficiency. Since Li-ion batteries offer high equiv-

alent Coulombic efficiency, η is taken as 0.99 in this study [11].

4.2 DC-DC Converter

A bidirectional dc-dc converter is implemented to step up/down the output voltage of the

battery. It is employed to achieve power transfer in both directions. Commonly used bi-

directional dc-dc converter models are detailed models and average value models, which will

be further discussed.

4.2.1 Detailed Model of DC-DC Converter

During the discharging process, the converter operates in boost mode as shown in Figure

4.2(a). During the charging process, as shown in Figure 4.2(b), the converter operates in
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4.2 DC-DC Converter

buck mode.

The converter is operated by sending firing pulses to MOSFETs Q1 and Q2. The duty

cycle (D) is generated using a proportional-integral (PI) controller and is compared with a

triangular carrier waveform to generate the gate pulses to Q1 and Q2.

Figure 4.2: Operation of a bidirectional dc-dc converter.

4.2.2 Average-Value Model of DC-DC Converter

The detailed modeling of power-electronic converters includes switches and pulse-width mod-

ulation, whose models are available in simulation tools including PSCAD/EMTDC. These

models require a small simulation time step, which will increase the computational time.

To mitigate these problems, several average-value models have been developed in the litera-

ture [75].

Average value models of power-electronic converters are developed neglecting or “aver-

aging” the effects of fast-switching action. In the existing literature, two general methods
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4.2 DC-DC Converter

of averaging are proposed, namely state-space modeling and averaged-switch modeling [75].

In state-space averaging, the system’s state equations are derived for various switching com-

binations and then averaged using appropriate weightings that depend on the duration of

time the converter dwells in each switching state [76]. On the contrary, in averaged-switch

modeling, the switched-inductor cell is represented by appropriate dependent current and

voltage sources [77].

Several improved average-value models in existing literature are full-order models and

reduced-order models, which consider duty ratio constraints, the effect of losses, and para-

sitics to construct a particular model. The representation of the effects of parasitics and losses

adds complexities to analytical derivations [78]. Also, it leads to nonlinear current/voltage

waveforms. Often the effect of parasitics is included in the process of circuit averaging

method. The effectiveness of the modification to the ideal switched-inductor cell depends on

the mode of the operation [79]. It is worth mentioning that modifying state-space equations

to account for the losses and effects of parasitics complicates the task of average-value model-

ing [80]. Therefore, with these complexities, the application of such models to large systems

increases the computation time. Therefore, a simple average-value model for system-level

studies of the larger system without compromising accuracy is derived. The model is rep-

resented using controlled current sources and voltage sources, which are functions of duty

ratio.

Consider the boost mode of operation of the bidirectional converter (see Figure 4.2(a)).

The duty ratio of Q2 is D and T is the switching period (see Figure 4.3). Two conditions

for the switch Q2 are considered.
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q(t)

DT D

Figure 4.3: Switching period

Q2 is ON:

q(t) = 1 (4.3)
diL

dt
= 1

L
Vin (4.4)

dVdc

dt
= 1

Cdc
(−Vdc

R
) (4.5)

Q2 is OFF:

q(t) = 0 (4.6)
diL

dt
= 1

L
(Vin − Vdc) (4.7)

dVdc

dt
= 1

Cdc
(iL − Vdc

R
) (4.8)

Combining the above equations yields:

diL

dt
= 1

L
(Vin − (1 − q(t))Vdc) (4.9)

dVdc

dt
= 1

Cdc
(iL(1 − q(t)) − Vdc

R
) (4.10)

By averaging the equations (4.9) and (4.10) over a period T , averaged differential equations
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can be obtained as (4.11) and (4.12).

diL

dt
= 1

L
(Vin − (1 − d)Vdc) (4.11)

dVdc

dt
= 1

Cdc
(iL(1 − d) − Vdc

R
) (4.12)

It should be noted that the equations are valid for the buck mode as well, and are based

upon the assumption that q(t) varies much faster than Vdc and iL.

Using (4.13) and (4.14), the equivalent circuit shown in Figure 4.4 is constructed, where

Vavg = (1 − d)Vdc (4.13)

iavg = (1 − d)iL (4.14)

+

-

L

iL

Vin
Vavg Vdc R Vout

iavg

Cdc

Figure 4.4: Average-value model of a bi-directional dc-dc converter.

To demonstrate the accuracy of the shown model, a bi-directional dc-dc converter is

modeled using detailed and average-value approaches. Table 4.2 shows the parameters of

the converter. At t = 8 s, a 10% load change (0.01445 Ω) is given to both models to

observe their performance during the transient period. As shown in Figure 4.5 the dc-link

voltage, inductor current, and duty ratio produced by the average-value model follow the
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4.2 DC-DC Converter

corresponding waveforms of the detailed model. High-frequency switchings are visible in the

detailed model whereas in the average model they are neglected. The simulation time step

is 20µs.

Table 4.2: Parameters of bi-directional dc-dc converter

Parameter Value

Output voltage (Vout) 1.9 kV

Input voltage (Vin) 1.0 kV

Inductance (L) 1.5 mH

DC-link capacitor (C) 7000 µF

Resistive load (R) 1.445 Ω
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Figure 4.5: (a) DC -link voltage, (b) Inductor current, (c) Duty ratio
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4.3 Voltage Source Converter (VSC)

A two-level voltage source converter (VSC) is used to convert dc power to ac power and vice

versa. As shown in Figure 4.6, there are two switches in each phase of a two-level VSC, of

which only one is on at a given time; it is connected to the ac grid through filters and a

transformer. Firing pulses are generated using PWM and a decoupled method is employed

to control power exchange between the VSC and the grid.

Figure 4.6: A two-level, three-phase VSC.

Decoupled Control of VSC

In decoupled control, to regulate the active power (P ) and reactive power (Q), Park’s

transformation from the abc domain to dq0 domain for the phase voltages and currents is

adopted. Park’s transformation matrix, T , is shown in (4.15) and dq0 to abc transformation

is shown in (4.16).

T =


cos(θ) cos(θ − 2π

3 ) cos(θ + 2π

3 )

sin(θ) sin(θ − 2π

3 ) sin(θ + 2π

3 )
1
2

1
2

1
2

 (4.15)
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4.3 Voltage Source Converter (VSC)

Xqd0 = TXabc (4.16)

where θ is an arbitrarily selected value.

System equations in the abc domain for the simple system in Figure 4.7 may be written as

follows.

Figure 4.7: Model used for derivation of decoupled control.

Vc = Riabc + L
d

dt
iabc + Vac (4.17)

Vc(qd0) = TVc(abc) = TL
d(T −1iqd0)

dt
+ TRT −1iqd0 + Vac(qd0) (4.18)

Vc(qd0) = Riqd0 + TL
d(T −1iabc)

dt
+ L

diqd0

dt
+ Vac(qd0) (4.19)

Vcq = Riq + ω0Lid + L
diq

dt
+ Vac,q (4.20)

Vcd = Rid − ω0Liq + L
did

dt
+ Vac,d (4.21)

Calculating the active and reactive power in the dq0 domain yields.

P = 3
2(Vac,did + Vac,qiq) (4.22)

Q = 3
2(Vac,qid − Vac,diq) (4.23)

It is assumed that the phase angle of the PCC voltage is the reference in this study. Vm is the
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4.3 Voltage Source Converter (VSC)

peak of the voltage of the phase voltage at PCC and there-phase voltages can be described

below.

Vac,a = Vmcos(ωt) (4.24)

Vac,b = Vmcos(ωt − 2π

3 ) (4.25)

Vac,b = Vmcos(ωt + 2π

3 ) (4.26)

With a properly locked PLL:

Vac,q = Vm Vac,d = 0 (4.27)

Therefore,

P = 3
2Vmiq (4.28)

Q = 3
2Vmid (4.29)

Finally,

diq

dt
= −R

L
iq − ω0id + 1

L
(Vcq − Vm) (4.30)

did

dt
= −R

L
id + ω0iq + 1

L
Vcd (4.31)

Therefore, as shown in (4.28) and (4.29), active power (P ) is regulated by controlling iq,

while reactive power (Q) is regulated using id. Decoupled control loops are then obtained as

shown in Figure 4.8.
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Figure 4.8: Decoupled control loops.

In Figure 4.8, Pref and Qref are the active power reference and reactive power reference,

which are set by the PPC.

4.4 Overall Layout and Control Structure of BESS

The overall structure of the BESS is shown in Figure 4.9. In here, components of BESS

(e.g., battery, dc-dc converter, and VSC) and controllers (power plant controller (PPC) and

converter controller) are discussed.
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Figure 4.9: Block diagram of the BESS showing its components and controllers.

1. BESS

The BESS consists of a battery, dc-dc converter, VSC, and step-up transformer (T3)

along with a battery management system (BMS). SOC which is calculated by BMS

is an input to the power plant controller. Battery current and terminal voltage are

denoted by ib and vb, respectively.

2. Power plant controller (PPC)
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As discussed in Chapter 3, the adaptive SOC-based droop controller is implemented

in the PPC. The active power reference (Pref) and reactive power reference (Qref) to

the converter controller are generated by PPC. Corresponding power measurements

(active power, PPOI, and reactive power, QPOI) and frequency (fPOI) are measured at

the point of interconnection; VPOI,rms is the rms voltage at POI.

3. Converter controller

DC-link voltage regulation and generation of firing pulses for VSC to control the power

exchange between the VSC and grid are implemented in the converter controller.

4.5 Synchronous Generator

In this study, the synchronous machine model in PACAD/EMTDC, shown in Figure 4.10,

is employed. The inputs to the exciter model are the desired output field voltage (Efo), the

field current (If), terminal voltage (VT), and current (IT). The value of Eref0 is calculated to

maintain steady-state operating conditions.

When the signal S2M switches state from 0 to 1, the electrical dynamics of the machine

are released, and the rotor will be spinning at a constant speed. When LRR is switched

from 0 to 1, mechanical dynamics will be released, and the governor and turbines will be

initialized. Wref is the reference speed (1 pu) to the governor and turbine and input to

these models is the speed of the machine (w). Mechanical torque (Tm) is an input to the

synchronous generator.
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Figure 4.10: Synchronous machine model with exciter, governor, and turbine.

4.6 Wind Power Plant Model

In the simulations in this thesis, 160 MW of wind power generation consisting of 40 identical

units of 4 MW, type-4 wind turbine generators is employed. Only one of the forty units is

modeled and the scaling component in PSCAD/EMTDC is used to increase the power level

of the unit to that of the equivalent wind farm.

As shown in Figure 4.11, the power plant controller generates the active power (Pw,ref)

and reactive power (Qw,ref) commands from the active power set-point (Pw,POI) and reactive

power set-point (Qw,POI) at POI.
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Figure 4.11: Wind power plant model.

4.7 Chapter summary

Non-linear Shepherd battery model, which is simple and accurate, is deployed as the battery

model. The coulomb counting method is presented as the SOC calculation method. Detailed

value model and average value model of bi-directional dc-dc converter are constructed. The

proposed average value model has improved the simulation time considerably. The two-level

VSC is employed to convert ac power to dc power and vice-versa. The synchronous machine

model in PSCAD/EMTDC consisting of a governor, exciter, and turbine and wind power

plant consisting of type 4 wind turbine is adopted for simulation studies.
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Chapter 5

Detailed Assessment and Case Studies

In this chapter, simulation-based studies in PSCAD/EMTDC for performance evaluation of

the proposed PFR method are presented. The following two test systems are employed:

1. A system consisting of a BESS, a load, and a synchronous generator (which is described

in section 5.2), and

Objective: To observe the participation of heterogeneous batteries in PFR to distinct

load changes in network.

2. The IEEE 9-bus system with a BESS, a wind power plant, and loads (which is described

in section 5.3)

Objective: To observe the frequency at bus 4 for several disturbances in the system

while heterogeneous batteries participate in PFR and to compare the effectiveness of

the proposed PFR method with radical strategy and conservative strategy.
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5.1 Summary of the Parameters of Models

In this section, the parameters of the BESS, synchronous generator (machine, governor, and

exciter), and wind power plant employed for the above mentioned case studies are given

(see Table 5.1). A comprehensive list of the parameters of each model is presented in the

Appendix A.

It should be noted that the power capacity of BESS was selected based on the size of

the test system and energy capacity was selected to observe a considerable variation of SOC

during the simulation.

Table 5.1: Parameters of the Test System.

BESS

Capacity 50MW /5.152 MAh /10.76 MVAhr
SOCmax 0.9
SOCmin 0.1

Kmax 0.505 (pu/Hz)
∆fmax 2 (Hz)
∆fdb 0.02 (Hz)

Synchronous
Generator

Machine
Machine model name PSCAD standard machine model

Capacity 900 MVA /200 MVA
Inertia constant 4 s

Governor

Governor /turbine model

name
PSCAD standard Gov2/Tur1

Proportional gain 0.1 pu
Integral gain 0.033 pu

Droop coefficient 0.2 pu

Exciter

Model name AC8B
Proportional gain 10

Integral gain 1.2
Derivative time constant 0.03 s

Wind power plant Capacity 160MW
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5.2 Assessment of the Proposed PFR method

To observe the effectiveness of the proposed PFR method, the test system shown in Figure

5.1 is employed. The BESS is connected to bus 1 via a step-up transformer (T1). A fixed

load of 180 MW is connected to bus 2. A synchronous generator of 200 MVA is connected

to bus 3. Two load-change scenarios at bus 1 are considered as mentioned below.
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Figure 5.1: Schematic diagram of the test system.

A) Step load addition at bus 1

For addition of a 45 MW load at t = 4.5 s, grid frequency variations, BESS power,

and synchronous generator power are observed with the initial SOC of the battery set
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to 0.4 and 0.95. As shown in Figure 5.2(b), a battery with high SOC provides more

power compared to a battery with low SOC. Also, steady state frequency deviation

is improved by 72.36% by a battery with high SOC. As shown in Figure 5.2(c), since

the BESS outputs more power when its SOC is high, the burden on the synchronous

generator to participate in PFR is reduced. Additionally, Table 5.2 presents the steady

state frequency deviation and maximum frequency dip for the two SOC values.

To investigate the influence of SOC on steady-state frequency deviation, for different

SOC levels, steady-state frequency deviation is measured when a load of 15 MW is ap-

plied at bus 1 (see Figure 5.3). When SOC increases, steady state frequency deviation

exponentially decays.

Table 5.2: Steady state frequency deviation and maximum frequency dip

SOC Steady state frequency deviation (Hz) Maximum frequency dip (Hz)

0.4 3.98 55.39

0.95 1.10 57.73

B) Step load shedding at bus 1

For a load tripping of 15 MW at t = 4.5 s grid frequency variations, BESS power, and

synchronous generator power are observed when the battery SOC is 0.35 and 0.75. As

shown in Figure 5.4, for a load tripping of 15 WM at bus 1, for the scenario where

SOC is low (SOC is 0.35), the battery absorbs more power thus reducing maximum

frequency rise.
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Figure 5.2: (a) Grid- frequency, (b) BESS power, (c) SG power for step load addition
of 45 MW.
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Figure 5.3: Steady state frequency deviation vs SOC for load addition of 15 MW.

Initial SOC of 0.35 Initial SOC of 0.75

5 10 15 20 25 30 35 40 45 50 55 60

Time (s)

-10

-5

0

P
ow

er
 (

M
W

)

5 10 15 20 25 30 35 40 45 50 55 60

60

60.5

61

61.5

F
re

qu
en

cy
 (

H
z)

(b)

(a)

Figure 5.4: (a) Grid- frequency, (b) BESS power for step load reduction of 15 MW.
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5.3 Case Studies with the IEEE 9-Bus System

The performance of the proposed control strategy is now evaluated using a modified version

of the IEEE 9-bus test system with an installed BESS and a wind power plant for several

scenarios. The schematic diagram of the simulation test system is shown Figure 5.5. The

synchronous generator (G2) is modeled as a hydro-power plant with a capacity of 900 MVA.

A BESS of 50 MW/5.152 MAh is connected to bus 4 via a step-up transformer. A wind

power plant of 160 MW is connected to bus 9 via transformer T3. Three case studies are

considered to comparatively evaluate the proposed adaptive droop control method with the

fixed droop control method, conservative strategy, and radical strategy.

G2

T2 T3
Bus 2 Bus 3Bus 7 Bus 9Bus 8

Bus 6

Bus 4

Bus 5

BESS

18/230kv 13/230kv

90 MW
30 Mvar125 MW

50 Mvar

100 MW
35 Mvar

900 MVA
wind farm
160 MW

50 MW

Figure 5.5: IEEE 9-bus system with installed BESS, wind power plant, and loads.
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5.3.1 Case Study 1

For case study 1, four scenarios that are related to load change at bus 4 are considered (see

Table 5.3). Figure 5.6 shows the frequency response at bus 4 for a load addition of 15 MW

when PFR is provided by BESS with an initial SOC of 0.2 (Figure 5.6(a)) and 0.8 (Figure

5.6(b)), respectively.

Table 5.3: Case study 1

Step load disturbance

Load tripping Load addition

A step load reduction of 15 WM is applied at 10(s). A step load addition of 15 WM is applied at 10(s).

For each disturbance, variation of grid-frequency is observed when battery initial

(i) SOC is 0.2

(ii) SOC is 0.8

As compared with variable droop methods, for SOC of 0.2, the proposed method shows

the lowest maximum frequency dip, while the fixed droop method and the proposed method

exhibit similar frequency responses. When SOC is 0.8, the proposed method and radical

method display similar frequency responses; compared with the fixed droop method maxi-

mum frequency dip has improved by 0.02 Hz.
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Figure 5.6: Response of frequency at bus 4 for load addition of 15 MW for (a) initial
SOC of 0.2 (b) initial SOC of 0.8.

Table 5.4 shows the maximum frequency dip for each method for load addition of 15

MW.
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Table 5.4: Comparison of maximum frequency dip for load addition of 15 MW

Method
Maximum frequency dip (Hz)

SOC 0.2 SOC 0.8

Proposed method 59.07 59.09

Conservative strategy 57.04 58.78

Radical strategy 58.06 59.09

Fixed method 59.07 59.07

Figure 5.7 shows the frequency response at bus 4 for a load tripping of 15 MW when

PFR is provided by BESS with a SOC of 0.2 (Figure 5.7(a)) and 0.8 (5.7(b)), respectively.

As compared with the variable droop methods, for both SOC values of 0.2 and 0.8, the

proposed method shows the lowest maximum frequency rise; with the proposed the maximum

frequency rise has improved by 0.046 Hz compared with the fixed droop method.

Table 5.5 shows the maximum frequency rise for each method for load tripping of 15

MW.

Table 5.5: Comparison of maximum frequency rise for load tripping of 15 MW

Method
Maximum frequency rise (Hz)

SOC 0.2 SOC 0.8

Proposed method 60.49 60.51

Conservative strategy 60.66 61.57

Radical strategy 60.49 61.05

Fixed method 60.53 60.53
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Figure 5.7: Response of frequency at bus 4 for load tripping of 15 MW for initial
SOC of (a) 0.2 and (b) 0.8.
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5.3.2 Case Study 2

In case study 2, four scenarios related to change of the output from the wind power plant

are considered (see Table 5.6).

Table 5.6: Case study 2

Generation disturbance
Loss of generation Increase in generation

A 20% reduction of wind farm output is applied at
10(s).

A 20% increase of wind farm output is applied
at 10(s).

For each disturbance, variation of grid-side parameters and battery-side are observed when battery initial
(i) SOC is 0.2
(ii) SOC is 0.8

Figure 5.8 shows the frequency response at bus 4 for a 20% increase in the wind power

plant’s output when PFR is provided by BESS with an initial SOC of 0.2 (Figure 5.8(a))

and 0.8 (Figure 5.8(b)), respectively. For SOC of 0.2, the variable droop method, radical

method, and fixed droop method show similar frequency responses and the conservative

strategy method displays the highest frequency rise. For SOC of 0.8, the proposed method

and the fixed droop method show the lowest maximum frequency rise. The proposed method

and the fixed droop method show similar frequency responses. Table 5.7 shows the maximum

frequency rise for each method for a generation increase of 20%.

Figure 5.9 shows the frequency response at bus 4 for a 20% reduction of wind power

plant’s output when PFR is provided by BESS with an initial SOC of 0.2 (Figure 5.9(a))

and 0.8 (Figure 5.9(b)), respectively. For SOC of 0.2, the proposed method and fixed droop

method have the lowest maximum frequency dip and the conservative method shows the

highest maximum frequency dip. For SOC of 0.8, the proposed method and the radical
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Figure 5.8: Response of frequency at bus 4 for generation increase of 20% for an
initial SOC of (a) 0.2 and (b) 0.8.
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method display the lowest maximum frequency dip. Table 5.8 shows the maximum frequency

dip for each method for wind generation reduction of 20%.

Table 5.7: Comparison of maximum frequency rise for wind generation increase

Method
Maximum frequency rise (Hz)

SOC 0.2 SOC 0.8
Proposed method 60.96 61.01

Conservative strategy 61.31 63.14
Radical strategy 60.96 62.08
Fixed method 60.98 61.01

50 100 150 200 250 300 350 400
Time (s)

56

57

58

59

60

61

F
re

qu
en

cy
 (

H
z)

50 100 150 200 250 300 350 400
Time (s)

58.5

59

59.5

60

F
re

qu
en

cy
 (

H
z)

Proposed method
 Conservative strategy
Radical strategy
Fixed method

(b)

(a)

Figure 5.9: Response of frequency at bus 4 for generation reduction of 20% for (a)
initial SOC of 0.2 (b) initial SOC of 0.8.

- 66 -



5.3 Case Studies with the IEEE 9-Bus System

Table 5.8: Comparison of maximum frequency dip for wind generation reduction

Method
Maximum frequency dip (Hz)

SOC 0.2 SOC 0.8
Proposed method 58.85 58.92

Conservative strategy 56.41 58.52
Radical strategy 57.65 58.92
Fixed method 58.85 58.85

From the above simulation results, the following observations may be drawn.

• Among the considered droop strategies, the proposed method shows improved fre-

quency response in terms of maximum frequency dip/maximum frequency rise irre-

spective of the SOC of the battery. Even when a frequency contingency event occurs

in which the battery is required to discharge when its SOC is low, the BESS responds

properly without affecting the grid frequency. Also for a scenario where the battery is

required to charge, even though its SOC is high, the battery will charge and support

the system.

• Conservative strategy shows the highest maximum dip/maximum rise among all meth-

ods irrespective of the SOC.

• Radical strategy demonstrates better performance when BESS is requested to discharge

when its SOC is high and BESS is requested to charge when its SOC is low. However,

when the BESS ought to discharge with a low SOC (or charge with a high SOC), it

does not show an improved frequency response.
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5.3.3 Case Study 3

In case study 3, a special scenario that shows the frequency response for a load addition, while

BESS providing PFR with and without the enhancement of short-term frequency support,

is considered. The objective is to exhibit how BESS with enhanced short-term frequency

support improves the frequency response in terms of reduction in maximum frequency dip.

As mentioned in Chapter 3, section 3.2.3, one limitation of the proposed method is only

when the SOC is greater than SOCmax, it gives maximum power to the system. From the

grid’s point of view, it is a disadvantage, as even with a relatively low SOC, large-scale BESS

can participate in PFR for an appropriate time at maximum droop coefficient (Kmax). In

the same manner, a relatively high SOC battery can be charged at Kmax for a certain time.

Therefore, droop coefficients (Kd and Kc) are modified to Kd,mod and Kc,mod to give dynamic

support, which in return reduces the maximum frequency dip/rise.

Case study 3 is presented to show the advantage of the utilization of low SOC BESS

with modified discharge droop coefficient (Kd,mod) for PFR service. Hence, the response of

the grid frequency to a load addition of 15 MW at bus 4 with a BESS with a SOC of 0.2

providing PFR is considered. Two scenarios as described below are employed (see Figure

5.10).

1. BESS with Kd: Throughout the simulation, BESS is discharged at Kd.

2. BESS with Kd,mod: Initially, discharging droop coefficient is set to Kmax and brought

back to Kd within a period of 300 s.

It must be noted that since a 50 MW battery has a very high energy capacity (10.76 MVAhr),

Tboost appears to be a larger value; therefore for the simplicity of simulation Tboost is consid-

ered as 300 s. The calculation of Tboost is presented in (3.5). As shown in Figure 5.11(a),
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Time (s)

Kmax

Kd

Tbd Tbd + 300300(s)

Droop
coefficient

Scenario 1:

BESS  with Kd,mod

Scenario 2:

0

Figure 5.10: Variations of Kd and Kd,mod with time.

by modifying Kd to Kd,mod, the maximum frequency dip can be improved by 1.32 Hz. Also

Figure 5.11(b) shows the variation of SOC with each scenario. At t = 300 s, the SOC of

BESS with Kd is 0.1958 and for BESS with Kd,mod the SOC is 0.1945. The deviation of the

SOC from initial SOC (0.2) for each is mentioned in Table 5.9.

Table 5.9: Deviation of SOC

BESS with Kd BESS with Kd,mod

Deviation of SOC 0.0048 0.0055

It is evident that the deviation of the SOC from the initial SOC is also significantly low

for BESS with Kd,mod. Therefore, BESS being discharged at Kmax, for a relatively short

period of time (300 s) does not negatively impact SOC. Additionally, the way Kd and Kd,mod

vary for different SOC levels (SOC of 0.2, 0.45, 0.85, and 1.0) is shown in Figure 5.12. For

each SOC level, the value of the discharging droop coefficient starts with Kmax and is brought
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5.4 Chapter Summary

The behavior of a BESS participating in PFR with distinct SOC levels according to the pro-

posed method was observed. The results indicated that during an under-frequency event, a

battery with high SOC gives more power reducing the maximum frequency dip as expected,

and during an over-frequency event, a battery with low SOC absorbs more power reduc-

ing the maximum frequency rise as predicted. The effectiveness of the proposed method

was compared with the conservative method and radical method while the test system was

exposed to multiple contingencies. The proposed method showed an improved frequency re-

sponse in terms of maximum frequency dip/maximum frequency rise irrespective of the SOC

of the battery. Furthermore, it showed that the variation of battery SOC, which can happen

due to the additional boost given to the droop coefficients, is considerably low. Therefore,

it can be stated that because of the proposed method, battery capacity can be preserved

to support the grid with future contingencies. Additionally, due to the utilization of the

proposed method, a low SOC battery can support the grid for an under-frequency event or

a high SOC battery can support during an over-frequency event for a considerably longer

time period.
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Chapter 6

Contributions, Conclusions, and

Recommendation for future work

6.1 Contributions and Conclusions

The main contribution of this thesis is the development of an improved adaptive SOC-

based droop control for BESS participating in PFR. The contributions made throughout

the research along with conclusions drawn and future directions to be pursued are described

below.

1. Comprehensive review of different PFR techniques and their drawbacks, different PFR

techniques of BESS proposed in the literature along with their limitations, and finally

dynamic models of battery for frequency regulation.

Several PFR control strategies are proposed in the literature to improve the

frequency response of power systems with a high penetration of renewable energy

resources. Since the droop control method shows sufficient accuracy and simplicity,
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the variable droop control algorithm, which takes into account the influence of SOC

on the droop coefficient, is often utilized in PFR studies. Hence, the development

of an adaptive SOC-based PFR method that demonstrates proper balance between

providing PFR and maintaining SOC is an important task for future power grids with

high penetration of renewable energy generation,

2. Development of an improved adaptive PFR control strategy for BESS considering SOC

of each battery.

The proposed adaptive SOC-based control strategy allows batteries with low

SOC to charge more (during over-frequency event) and discharge less (during under-

frequency event) and batteries with high SOC to charge less (during over-frequency

event) and discharge more (during under-frequency event). It also prevents frequent

charge/discharge of batteries. It also enhances short-term frequency response by giving

an additional boost to the droop to reduce maximum frequency dip/rise.

3. Modelling of BESSs including a dynamic model of battery, bi-directional dc-dc con-

verter (detailed model and average-value model), and VSC along with corresponding

controllers.

It can be concluded that the non-linear Shepherd battery model is simple and

accurate for frequency regulation studies provided that the representation of the fast

dynamics process of batteries is not required. The detailed modeling of many bat-

teries with dedicated bi-directional dc-dc converters will reduce the simulation speed

considerably. More importantly, the replacement of detailed switching models with

average-value models does not negatively impact grid-side parameters and battery-

side parameters and shows good accuracy even during the transient period.
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4. Integrating the developed BESS model along with the proposed control strategy into

the PSCAD/EMTDC simulator.

First, the BESS with two distinct SOC levels was added separately to a test sys-

tem with a synchronous generator and fixed load, and variation of grid-side parameters

and battery-side parameters were observed while the system undergoing load change

events. Then the BESS model was successfully integrated into a larger system (the

IEEE 9-bus system).

5. Observe the performance of the proposed control strategy under several types of dis-

turbance incorporating the model into small to large-scale test systems.

The proposed adaptive SOC-based control strategy showed improved frequency

response in terms of maximum frequency dip/maximum frequency rise compared to

three existing methods in the literature.

6.2 Recommendation for Future Work

1. Integration of the enhanced-capacity BESS to a much larger system with an increased

level of renewable energy generations to observe the performance evaluation of the

proposed method.

2. Development of an optimal sizing and allocation method for BESS considering both

technical and economical constraints.
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[38] A. Hoke and D. Maksimović, “Active power control of photovoltaic power systems,”
in 2013 1st IEEE Conference on Technologies for Sustainability (SusTech), 2013, pp.
70–77.

- 78 -

https://www.sciencedirect.com/science/article/pii/S1364032117309553
https://www.osti.gov/biblio/1117060
https://doi.org/10.1177/0309524X221114350


REFERENCES
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energy storage for frequency regulation in power system,” in 2016 18th Mediterranean
Electrotechnical Conference (MELECON), 2016, pp. 1–6.

[71] Z. Salameh, M. Casacca, and W. Lynch, “A mathematical model for lead-acid batteries,”
IEEE Transactions on Energy Conversion, vol. 7, no. 1, pp. 93–98, 1992.

[72] B. Lei, X. R. Li, J. Y. Huang, and S. J. Tan, “Droop configuration and operational mode
setting of battery energy storage system in primary frequency regulation,” in Renewable
Energy and Environmental Technology, ser. Applied Mechanics and Materials, vol. 448.
Trans Tech Publications Ltd, 1 2014, pp. 2235–2238.
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Appendix A

• Standard IEEE bus-9 system

Table A.1: Terminal conditions of IEEE 9-bus system

Bus Voltage
(kV)

Phase angle
(deg)

Active power
(pu)

Reactive Power
(pu)

1 17.1600 0.0000 0.7163 0.2791
2 18.4500 9.3507 1.6300 0.0490
3 14.1450 5.1420 0.8500 -0.1145

Table A.2: Transmission line characteristics of IEEE 9-bus system

Line
R (pu/m) X (pu/m) B (pu/m)

From bus To bus
4 5 0.0100 0.0680 0.0176
4 6 0.0170 0.0920 0.1580
5 7 0.0320 0.1610 0.3060
6 9 0.0390 0.1738 0.3580
7 8 0.0085 0.0576 0.1490
8 9 0.0119 0.1008 0.2090
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Table A.3: Load characteristics of IEEE 9-bus system

Bus P (pu) Q (pu)
5 1.25 0.50
6 0.90 0.30
8 1.00 0.35

Table A.4: Synchronous generator parameters

Parameter Value Parameter Value
Rated RMS line-to-neutral
voltage

12.4707 kV Base angular frequency 376.992 rad/s

Rated RMS line current 24.05 kA Inertia constant 4s
Terminal voltage magnitude 1.045 pu Mechanical friction and windage 0 pu
Armature resistance (Ra) 0.0046 pu Potier reactance (Xp) 0.155 pu
Unsaturated reactance (Xd) 1.53 pu Unsaturated transient reactance (X ′

d) 0.256 pu
Unsaturated transient time
(open) (T ′

do)
5.71 s

Unsaturated sub-transient reactance
(X ′′

d )
0.215 pu

Unsaturated sub-transient time
(open) (T ′′

do)
0.06 s Unsaturated reactance (Xq) 1.51 pu

Unsaturated sub-transient reactance
(X ′′

q )
0.215 pu

Unsaturated sub-transient time
(open) (T ′′

qo)
0.06s

Unsaturated transient time
(open) (T ′

qo)
0.5 s Unsaturated transient reactance (X ′

q) 0.424 pu
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Table A.5: Exciter AC8B parameters

Parameter Value Parameter Value

PID proportional gain (KP R) 10 pu PID integral gain (KIR) 1.2 pu

PID derivative gain 0 pu PID derivative time constant (KDR) 0.03 s

Regular gain (KA) 1.0 pu Regular time constant (TA) 0.02 s

Maximum regulator output (V Rmax) 15 pu Minimum regulator (V Rmin) output -5 pu

Field current limit 100 Exciter time constant (TE) 0.7 s

Exciter constant related to field (KE) 0.4 Field circuit commutating reactance (KC) 0.4

Saturation at Efd1 0.39 pu Exciter voltage for SE1 7 pu

Saturation at Efd2 3.7 pu Exciter voltage for SE2 9.3 pu

Table A.6: Hydro governor parameters

Parameter Value Parameter Value

Dead band value 0.00033 pu Permanent droop (Rp) 0.2 pu

Maximum gate position (Gmax) 1.0 pu Minimum gate position (Gmin) 0.0 pu

Maximum gate opening rate (MXGT OR) 1 pu/s Maximum gate closing rate (MXGT CR) 1 pu/s

Pilot servo motor time constant (TA) 0.05 pu Gate servo time constant (TC) 0.2 pu

Gate servomotor time constant (TD) 0.2 Derivative gain (KD) 0 pu

Table A.7: Hydro turbine parameters

Parameter Value Parameter Value

Head at rated conditions 1.0 pu Output power at rated conditions 1.0 pu

Gate position at rated conditions 1.0 pu Rated no-load gate 0.05 pu

Water starting time (TW ) 2.0 s Penstock head loss coefficient (fp) 0.02 pu

Turbine damping constant (D) 0 pu
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Table A.8: Parameters of PPC

Parameter Value

Upper limit on active power reference (Pmax,1) 1 pu

Lower limit on active power reference (Pmin,1) 0 pu

Upper limit on V/Q control (Qmax) 0.477 pu

Lower limit on V/Q control (Qmin) -0.477 pu

Reactive power compensation gain (Kc) 0.04 pu

Active power PI controller proportional gain 0.1 pu

Active power PI controller integral gain 1 pu

Reactive power PI controller proportional gain 1.7 pu

Reactive power PI controller integral gain 5 pu
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