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Large-scale grid-tied photovoltaic (PV) station are increasing rapidly.
However, this large penetration of PV system creates frequency fluctuation
in the grid due to the intermittency of solar irradiance. Therefore, in this
paper, a robust droop control mechanism of the battery energy storage
system (BESS) is developed in order to damp the frequency fluctuation of
the multi-machine grid system due to variable active power injected from the
PV panel. The proposed droop control strategy incorporates frequency error
signal and dead-band for effective minimization of frequency fluctuation.
The BESS system is used to consume/inject an effective amount of active
power based upon the frequency oscillation of the grid system. The
simulation analysis is carried out using PSCAD/EMTDC software to prove
the effectiveness of the proposed droop control-based BESS system. The
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simulation result implies that the proposed scheme can efficiently curtail the
frequency oscillation.
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1. INTRODUCTION

In the 21st century, renewable energy-based power sources integration to the central power network
has risen sharply due to the increased need for electrical energy [1]. Moreover, harnessing clean energy from
renewable technologies has significantly reduced carbon emissions and air pollution [2]. In recent times,
among all other renewable resources, solar has achieved its own prominent position and it is estimated that
70% of the global energy will be produced employing solar technology by the year of 2100 [3]. In 2019, the
global installed solar capacity was 586.434 GW, of which 580.15 GW was solar PV [4]. Solar PV systems
have seen an exponential growth rate in recent years, and in 2019 alone, approximately 100 GW of PV
capacity was added all over the world [5].

Since the output from PV systems will vary depending on weather conditions, there will be a
considerable influence on the electrical grid. Again, the grid frequency greatly varies with the real power
balance [6]. As solar energy is intermittent in nature, there will be an imbalance in power between the
generation side and load side. Therefore, the system frequency will fluctuate, and it will affect power system
performance, reliability, and efficiency [6]. Immense fluctuation in the grid frequency is the repercussion of
incorporating solar PV systems in large scale to the electric grid.
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In some literature, some techniques are used to minimize frequency oscillation due to PV system.
For example, in [7]-[10], the PV system is operated in deloading mode. However, active power reservation
due to deloading operation will reduce the injected power from the PV panel. In [11], the oversize DC-Link
capacitor is used as energy buffer, but it has small delivery time. Super magnetic energy storage (SMES) [12]
and electric double layer capacitor (EDLC) [13] are also used to minimize frequency oscillation. However,
the SMES and EDLC can be applied only up to few MW scale [14]. On the other hand, integration of BESS
can help to mitigate frequency oscillation problems in large-scale grid-tied PV system.

Therefore, the key contributions of this paper are: (i) An appropriate droop control technique of
BESS is designed with the aim of diminishing the frequency variation. The proposed frequency dependent
droop controller of BESS is composed of frequency error signal, droop gain and dead-band to ensure
effective use of BESS active power. This is the prominent aspect of this study. (ii) The resilient performance
of the developed droop-controlled BESS system is explored using simulation evaluations on a multi-machine
IEEE nine-bus system model that includes a PV system and conventional power plants. (iii) This paper also
portrays the detail explanations of PV module, PV control systems, IEEE nine-bus power system, PV power
plants along with its control mechanism as well as proposed BESS.

The remaining sections of the paper are organized as follows: Section 2 describes the system model,;
Section 3 and 4 explains the PV power plant and proposed BESS control method, respectively. The
simulation results and discussion are offered in Section 5 and lastly the conclusion has been drawn in Section
6 with the future recommendation.

2. POWER SYSTEM MODEL

Figure 1 demonstrates the system model which is comprised of a nine-bus main system [15]
together with a PV plant and a BESS. Three conventional power plants are present in the main nine bus
system. synchronous generator 1 (SG1) and SG2 represent two thermal power plants with ratings of 150
MVA and 250 MVA respectively. SG3 represents a hydro power plant with a rating of 200 MVVA. Automatic
generation control (AGC) is applied for operating both SG1 and SG3 while governor-free (GF) control is
applied for SG2. The parameters of the SGs are based on [16]. For all the conventional SGs, the IEEE type
AC4A excitation system presented in Figure 2 (a) has been considered [17]. The reheat steam turbine
governor model [17] presented in Figure 2 (b) is used for the steam power plants (SG1 and SG2). Figure 2 (c)
illustrates the hydro turbine governor model [17] employed for hydro power plant. Typical values of the
turbine parameters are based on [17]. Figure 2 (d) shows the integral controller which has been included for
AGC operation in the governor systems [17]. Here integral gain Ki is fixed at 6.
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Figure 1. Power system model
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Figure 2. Components of synchronous generator, (a) IEEE type AC4A exciter, (b) Governor system
of steam turbine, (c) Governor system of hydro turbine, (d) Integral controller

A PV system and BESS are attached to the Bus 5 of the main IEEE nine bus system using dual transmission
lines. The capacity of PV system and BESS are 50 MW and 10 MW, respectively.

3. PV SYSTEM MODEL
3.1. PV module design

Figure 3 delineates the equivalent circuit of a single solar cell employing single diode model [18].
The equivalent circuit applied in this work has a current source, single diode and parallel and series resistors.
The expression for resultant current of a single solar cell is as follows [18-21]:

I=1lpy —1, [exp (‘”RS’) - 1] _ VRt 1)

th Rp
Here, Ipy is the photo current which is produced after exposing the solar cell to solar irradiation and I, is the
reverse saturation current of diode. Diode identity factor is expressed with a. Rs and R, are the resistances in

series and parallel, respectively. V is the thermal voltage, where N; represents number of series connected PV
cells, T is the cell temperature, q is the electron charge and k is the Boltzmann constant.
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Figure 3. Equivalent circuit of solar cell

Ipy Will fluctuate depending on the temperature and solar irradiation and it can be noticed through the (2):
G
Ipy = (Ipy,n + K,AT) o )

Here, I,,,n represents photocurrent under normal condition (temperature is 25°C and solar irradiation is 1000
W/m?), K, indicates the short circuit current per temperature coefficient, G and G, represents solar surface
irradiation of the module and solar irradiation during nominal situation respectively, and AT is the difference
between G and G, [19]. The equations for I,,,n and I, are as follows [21]:

R,+R
IPV,n = pRp SIsc,n (3)
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ISC,n+KIAT (4)
14 +Ky AT
exp( ocntKy )_1

aVe

Ly =

Here, Vo, and Iy, are the open circuit voltage and short circuit current, respectively under nominal
conditions. Ky represents the open circuit voltage per temperature coefficient. In this work, solar module of
Kyocera KC200GT is utilized to design the PV system [22]. The expression for a PV power plant with
numerous solar modules is as [18], [23], [24]:

exp ((V+R5(N—1‘I;’)1> B 1] B V+RS(N—1;I)I )

ey

Here, Ny and Np are the number of modules connected in series in a string and the number of parallel strings,
respectively. The I-V and P-V characteristics of the PV plant is illustrated in Figure 4.
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Figure 4. Characteristics curves of a 50 MW PV power plant, (a) I-V curve, (b) P-V curve

3.2 Control method of PV system

The PV plant together with the designed control scheme is presented in Figure 5. The PV system is
comprised of 50 MW PV module, boost converter for DC/DC conversion and inverter from DC/AC
conversion. The controller for boost converter operates the DC/DC converter and controller for grid side
inverter operates the DC/AC converter. The gate signals for the insulated gate bipolar transistors (IGBTS)-
based converters are generated using pulse width modulation (PWM) technique. The DC line used in this
study is based on [25]. In order to acquire maximum power available from the plant, the DC/DC boost
converter regulates the voltage obtained from the plant. For this purpose, fractional open circuit voltage-
based algorithm has been applied for extracting maximum amount of power. The relationship between
voltage at maximum power (Vp,) and open circuit voltage (Voc) can be expressed as follows:

Vmp = Kmpvoc (6)

Here, Ky, is a proportional constant with a value of 0.8023 for solar module of KC200GT [22]. Reference
duty cycle can be generated using (7):

NMKmpVoc,pilot
Dyoy = 1 ——Hmp-ocpilot

- ™)

Here, V, is the boost converter output voltage and V. il represents module voltage at open circuit condition
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Figure 5. PV system configuration

With the occurrence of any grid fault, the PV panel’s DC power cannot be fed to the network
because of voltage drop. As a result, the DC-link voltage rises dramatically. To solve this issue, an extra
control scheme shown in Figure 5 has been included in the boost converter controller, which bypasses the
maximum power point tracking (MPPT) controller for severe grid fault. The inclusion of this additional
control scheme allows the DC-link voltage to remain in the range. The four Pl controllers make the DC/AC
converter as presented in Figure 5. The reactive power distributed to the grid is regulated by a grid side
inverter controller. Additionally, the DC-link voltage is kept steady by this controller. The reference of
reactive power is fixed to 0.0 pu. During fault condition, the comparator ensures that no active power is
distributed to the grid.

4. PROPOSED BESS AND DROOP CONTROL STRATEGY

The proposed BESS with droop control scheme is depicted in Figure 6. The BESS model consists of
DC voltage source, PWM based voltage source inverter (VSC) and a step-up transformer. The VSC converts
DC voltage into three phase AC voltage with grid frequency. The proposed control technique is illustrated in
the bottom part of Figure 6. Here, four PI controllers have been utilized to compensate the error signals. The
real power sent to the grid is controlled by regulating the current of d-axis (l5) and the reactive power exerted
to the grid is controlled by regulating current of g-axis (1).

The frequency of the grid is stabilized by the droop controller which receives power system
frequency (f) as feedback. Subsequently, frequency fluctuation is reduced by delivering/consuming
appropriate amount of active power from the BESS. A dead-band in the scheme ensures that the droop
controller is operated only when the frequency fluctuation is outside of a specific range. The droop gain
(Karoop) is chosen such that optimum results are obtained. Hence, the reference active power (P") will be:

pP* ZKdroopAf (8)

To ensure unity power factor, the reference reactive power is fixed to 0.0 pu. The outer loop PI
controller will compensate for the error signal between the actual and the reference reactive power. Finally,
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the gate drive pulses are generated by comparing the reference voltages with a triangular carrier wave that
has a high frequency. In this way, the designed droop controller can minimize frequency fluctuations.
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Figure 6. Proposed BESS with droop control strategy

5. SIMULATION RESULTS AND DISCUSSION
5.1. Analysis of steady-state condition

In this work, the power system model demonstrated in Figure 1 is used for simulation analysis.
PSCAD/EMTDC software has been used for performing the analysis on the following two cases:

Case 1: Without BESS

Case 2: With the proposed droop-controlled BESS

The solar irradiance data used for the analysis and the active power output from the PV system is
presented in Figures 7 (a) and 7 (b) respectively. Extreme cases of variation in solar irradiance have been
considered for analyzing the performance of the proposed scheme.

1200

50 T T T T
I—— Case 1 (No BESS)
—_ Case 2 (With Droop Controlled BESS)
NE 1000+ 0
B B
s
= =
Y 800 = a0
c )
S 2
B 0o T L
= 2
5 I3
o 400 < 10
%]
200 | 04
T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 9 0 10 20 30 40 50 60 70 80 %
Time [s] Time [s]
(@) (b)

Figure 7. Input solar irradiance and output active power of the PV system, (a) applied solar irradiance,
(b) output of active power of PV system

The active power output from a PV system varies according to the amount of solar irradiance as
presented in Figure 7 (b). It can be observed that there are negligible changes in active power between the
two cases as the PV plant is feeding power to the grid directly, and the same control method has been applied
to the PV system. The frequency response of the system is presented in Figure 8 (a). It can be noticed that the
frequency fluctuation is very high for Case 1 due to the variation of active power injected into the grid from
PV system. On the other hand, after incorporating the proposed BESS controlled by droop controller into the
terminal of PV system, there has been a drastic reduction in frequency fluctuation in Case 2, as shown in
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Figure 8 (a). This is because the BESS is regulating the frequency by providing/absorbing active power, as
presented in Figure 8 (b) from the grid in Case 2. The integrated dead band control allows the droop
controller to be operated only when the fluctuation has surpassed a certain threshold. In case of reduction in
system frequency from the nominal value, the BESS is providing real power. Alternatively, with increased
frequency, the BESS absorbs the real power from the grid in Case 2.
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Figure 8. Frequency response and active power output of BESS, (a) power system frequency response,
(b) output of active power of BESS (case 2)

Finally, Figure 9 illustrates the active power outputs from the conventional generators. Without
BESS system, the SGs outputs are fluctuating higher as they are compensating the variation in active power
generated by the PV system taking all the loads into account. By adopting the proposed droop controller, the
power output from the SGs is fluctuating less since the compensation is carried out by the BESS now.
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Figure 9. Output of active power of conventional power plants

Table 1 shows the maximum frequency deviation along with the standard deviation for Case 1 and
Case 2. It can be seen from Table 1 that +4f; -Af, and o are lesser for Case 2. Following the implementation
of the proposed BESS, 30% reduction in the standard deviation of the frequency fluctuation was observed.
So, it can be verily acknowledged that the proposed droop controller-based BESS can provide adequate
primary frequency control.

Table 1. Comparison of parameters from frequency response graph under steady-state condition
Frequency parameters Case 1 Case 2
Highest frequency variation in positive direction (+4/) 0.12691 0.06171
Lowest frequency variation in negative direction (-4f) -0.07609 -0.03262
Standard deviation (o) 0.0337 0.0236
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5.2. Analysis of load variation

In this analysis, the same power system model presented in Figure 1 is used. However, load B has
been increased to 160 MW at 10 s and reduced to 60 MW at 20 s to validate the effectiveness of the proposed
BESS system during overload and underload events. The irradiance applied to PV system is presented in
Figure 10 (a). Figure 10 (b) illustrates the frequency response. It is observed that the frequency can be well
controlled both in overload and underload events in Case 2, whereas considerable fluctuation has occurred in
Case 1. The frequency response in Case 2 is more stable because of injecting power during overload and
consuming power during underload events from the BESS as presented in Figure 10 (c). Additionally, +4f, -
Af, and o computed from Figure 10 (b) is smaller in proposed Case 2 than in Case 1, as depicted in Table 2.
Thus, it is possible to infer that both in overload and underload scenarios, the suggested BESS system
regulates the system frequency properly.
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Figure 10. Various responses of the power system under load variation
(a) applied solar irradiance, (b) power system frequency, (c) active power of BESS (Case 2)

Table 2. Comparison of parameters from frequency response graph under load variation

Frequency parameters Case 1 Case 2
+Af 0.4034 0.3785

-Af -0.3033  -0.1800

o 0.1176 0.0914

5.3. Analysis of fault condition

In this analysis, a three-line-to-ground (3LG) fault has been applied on one of the transmission lines
near bus 11 of the power system model presented in Figure 1. The fault conditions are presented in Figure 11.
The simulation period is 10.0 s. The fluctuating solar irradiance applied in this fault analysis, is given in
Figure 12 (a). The frequency of the power system is more stable after the 3LG fault, as shown in Figure 12
(b). This is because the BESS injects/consumes reactive power based on the frequency deviation, as shown in
Figure 12 (c). The effectiveness of the proposed BESS system is also clearly seen in Table 3. All the
variations are more diminutive in Case 2 than in Case 1.

Primary frequency control of large-scale PV-connected multi-machine power ... (S. M. Imrat Rahman)



1870 O ISSN: 2088-8694

Durstion of
Fault 0.1

0 ol 02 10 s

Faalt CBs B
N Opewed Rechoced

1100 T T T T 50.5 T T
—— Case 1 (No BESS)
< 1000 - 5044 —— Case 2 (With Droop Controlled BESS)|
E 4o 503
2 ~
I
Y 800+ — 502
c >
8 e
= 7004 S 501
£ g 7
= 6004 O 5004
© [
o B
g s 49.9
400 4
498
300 T T T T
0 2 4 6 8 10 49.7 T T T T
) 0 2 4 6 8 10
Time [s] .
Time [s]
(@) (b)

Active Power [MW]

0 2 a ¢ 8 10
Time [s]

(c)
Figure 12. Various responses of the power system under fault condition: (a) applied solar irradiance,
(b) power system frequency, (c) active power of BESS (Case 2)

Table 3. Comparison of parameters from frequency response graph under 3LG fault

Frequency parameters Case 1 Case 2
+Af 0.4019 0.2099

-Af -0.2864  -0.0206

o 0.0529 0.0292

6. CONCLUSION

A novel control framework based on BESS and droop control has been proposed in this work for
primary frequency control of large-scale PV-connected multi-machine systems. The addition of a dead-band
control ensures the droop controller will operate only when the frequency fluctuation has exceeded a certain
threshold value. The comprehensive design technique of the proposed BESS and the control scheme have
also been presented in this work. The proposed BESS can stabilize the grid frequency by adjusting the active
power delivered and absorbed from the electric grid. The performance of the proposed control model has
been tested by applying a wide range of solar irradiance data with rapid variations, underload, overload, and
fault conditions. Simulation results show that maximum frequency deviation has been reduced drastically
after the application of the proposed BESS. Thus, the proposed control scheme can significantly minimize
the frequency variation and stabilize the grid for a large-scale PV-connected system.
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