JJEE

el Sl me s Fgaiio
Scientific Research Support Fund

Volume 9 | Number 4 | December 2023 | Pages 618-649

Jordan Journal of Electrical Engineering

ISSN (print): 2409-9600, ISSN (online): 2409-9619
Homepage: jjee.ttu.edu.jo

Adaptive Droop Control for Voltage and Frequency Regulation
in Virtual Power Plant under Power System Contingencies

Sindhura Guptal*=', Susovan Mukhopadhyay?'*", Ambarnath Banerji3"=,

Prasun Sanki*", Sujit K. Biswas®

12,4 Department of Electrical Engineering, Netaji Subhash Engineering College, Kolkata, India
E-mail: sindhura.gupta@nsec.ac.in
3 Department of Electrical Engineering, Narula Institute of Technology, Kolkata, India
5Department of Electrical Engineering, St. Thomas” College of Engineering and Technology, Kolkata, India
Received: March 15, 2023

Revised: May 13, 2023 Accepted: May 22, 2023

Abstract—The frequent penetration of distributed energy resources in microgrid environment often faces
operational challenges like stability and reliability issues. In order to overcome these challenges, the concept of
the virtual power plant is suggested. Practically, the chance of voltage and frequency fluctuation increases in
virtual power plant scenarios under critical power system contingencies like faults and sensitive load switching.
Therefore, implementation of efficient controllers is required to address this issue. Further, the fixed gain droop
control topology reported in literature is insufficient to accomplish seamless voltage and frequency regulation of
the virtual power plants. Therefore, this paper proposes an adaptive droop control scheme to regulate system’s
frequency and voltage (as per IEEE 1547) in presence of critical power system contingencies under virtual power
plant scenarios. Further, a small signal stability analysis is carried out considering the system Eigenvalues to
investigate the effectiveness of the proposed adaptive droop controller. Additionally, a comparative analysis
between traditional and proposed droop controller is performed considering critical power system contingencies
under MATLAB / Simulink environment. The dynamic responses establish the improved performance of the
proposed controller over the traditional control scheme in terms of transient and steady-state stability.

Keywords— Adaptive droop control; Distributed energy resource; Frequency regulation; Small signal stability;
Virtual power plant; Voltage regulation; Power system contingency.
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Maximum active and reactive power

Py, Qr contribution from DER in MW and Gy Feed-forward gain
MVAR
' Fixed frequency and voltage droop I I LC filter dg-axis current
q . fi-d Afl-q .
gain component in ampere
o AV Mismatch of angular frequency and 5 Initial value of load angle in
w, 0
voltage radian
Adaptive frequency and voltage dg-axis component of bus voltage
Ger,ny keq,n droop gain Vbus—d; Vbus—q in volt
Steady state initial operating voltage dg-axis component of inverter
Vssfd/ Vssfq . . . Vin—d; Vin-q .
dqg-axis component for LC filter in volt voltage in volt
Steady state initial operating current |’ Steady state initial operating
Lss-a Issq dqg-axis component for LC filter in Isf_d current dq-axis component for
ss—q . . .
ampere coupling inductor in ampere
The gain parameters of PI controller
Kov: Kiv Ky Ky associated with outer voltage and Ay State matrix

inner current loop

1. INTRODUCTION

The concept of microgrid (MG) is extensively incorporated in modern power system
scenarios to improve the overall system performance. MG can function either in islanded or in
grid-connected mode operation. Generally, MG permits the frequent integration of local
distributed energy resources (DERs), storage systems and different loads. In practical
operation, the intermittent nature of DERs often hinders the balance between generated
power and load-demanded power. Therefore, several operational challenges like frequency
and voltage regulation, efficiency, reliability, and stability are common concerns in MG
operation [1, 2]. In addition to that, MG application in large-scale power systems is limited
due to the geographical availability and level of power generation from different DERs.
Recently, the concept of a virtual power plant (VPP) has become very successful in order to
address the above-discussed challenges raised in the MG scenario. VPP is capable to
aggregate, manage and control various DERs together as a single entity. The participating
DERs in the VPP scenario are not necessarily belonging to the same geographical location.
Therefore, VPPs can be utilized as large-scale decentralized power systems. In practical
application, inverters are often utilized in DER based VPPs in order to match load
requirements. Therefore, proper control topology is required to regulate the voltage and
frequency of DER-based inverters under various power system contingencies like faults and
sensitive load switching. Additionally, small-signal stability analysis is essential to improve
system dynamic characteristics. Till date, electricity market-related aspects in the VPP
scenario are well addressed in several articles [3-6]. Although, very few articles have
investigated operational challenges like voltage and frequency regulation and stability issues
in order to evaluate the system performance of the VPP scenario.

Traditional DER based power systems are designed to function in grid-following mode
(GFL) operation. The operation of DER based power systems in GFL mode blindly follow the
grid frequency and voltage to contribute high quality power into the grid. Their operation
totally depends upon the grid stability as they are unable to regulate grid frequency or
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voltage. Therefore, these GFL-DER based power systems often face several operational
challenges and stability issues. In this regard, recently the idea of grid-forming (GFM)-DER
based power system has become very popular as they function independently even in the
absence of grid stability. Additionally, GFL-DER based power systems with droop control
topology provide seamless frequency and voltage regulation during transition from grid
connected to islanded mode operation. It is noteworthy to mention that droop control is
capable to ensure equal load sharing with minimum circulating current among the
participating DERs. Additionally, the frequency and voltage oscillations during DER
switching are limited by the droop control mechanism [7]. In this connection, an optimal
droop control topology is suggested in [8] for DER-based systems in order to improve
frequency regulation and system stability. However, the suggested control topology lacks
detailed system modeling and voltage regulation issue. Additionally, controller designing is
carried out only considering islanded mode operation. Further, Bintoudi et al. propose an
agent-based droop control topology for DER based power system in [9]. In this article, an
improved primary droop control topology is presented, which enables semi-centralized or
distributed operation of DER based power system. Howbeit, less attention is given towards
the detailed system modeling to evaluate system performance. Moreover, detailed discussion
on frequency and voltage regulation of the suggested DER based power system is lacking in
this article. Further, a distributed three-layer control topology is proposed in [10], where the
power output of DERs is controlled to accomplish frequency regulation. Although, the
suggested control scheme provides less priority towards the evaluation of system
performance. Similarly, the frequency regulation of a DER-based power system is achieved by
incorporating an optimal approach in [11]. However, voltage regulation and detailed system
performance analysis under the suggested controller is lacking in the article. Unlike the
above-discussed articles, the voltage regulation of islanded DER-based power systems is
investigated using a distributed secondary control scheme in [12]. Accordingly, an improved
sliding mode control scheme is suggested to control the operation of DER-based power
system. Howbeit, the frequency regulation and system performance analysis are given less
priority in the above-mentioned article. Similarly, Schiffer et al. propose a distributed reactive
power control-based voltage regulation scheme for DER-based power systems [13]. In this
article, less attention is given towards the frequency regulation issue while evaluating system
performance. Recently, a neural network based secondary droop control scheme is suggested
to control the voltage of islanded DER-based power system [14]. However, the frequency
regulation of the suggested system is lacking in this article.

According to the detailed literature review, it is observed that most of the above-
mentioned articles focus on the fixed droop gain control mechanism. The major bottleneck of
the above-mentioned controller is its limited performance during power system critical
contingencies like power system faults, induction motor switching and non-linear load
switching. In this context, the concept of an adaptive droop control scheme is proposed where
automatic droop gain adjustment is accomplished depending upon the magnitude of power
system contingencies [15, 16]. However, the variation of droop coefficients due to
contingencies causes frequency oscillations and voltage fluctuations. Therefore, system
stability analysis is essential to ensure reliable operation for a DER-based VPP scenario along
with frequency and voltage regulation. In this regard, the stability analysis of DER-based
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power systems is carried out utilizing the root locus method [17]. The authors of the paper
develop a small-signal model of a DER-based power system in order to investigate system
stability. During the root locus analysis, it is observed that the low-frequency system
Eigenvalues are very much sensitive to the stability of the considered DER-based power
system. Howbeit, the complexity of the model limits its application in large-scale power
systems. Furthermore, in [18, 19], droop controller gain parameter adjustment and equivalent
line impedance values of DER-fed power systems are utilized to investigate system stability.
However, in these articles, less attention is paid towards the system performance analysis
during critical power system contingencies like faults, and sensitive load switching.
Moreover, the droop gain variation is performed randomly instead of following any specific
method in [18]. Therefore, improved particle swarm optimization (PSO) technique is
incorporated to evaluate the droop control gain parameters in a DER-based power system in
[20]. Although less attention is given towards detailed small-signal stability analysis while
evaluating system performance.

Based on the critical literature survey, it is observed that available research works
consider the voltage regulation, frequency regulation, controller designing and system
stability analysis of DER-based power systems as separate issues. Additionally, less attention
is paid towards controller performance evaluation during critical power system
contingencies. In this context, it is noteworthy to mention that the time-scale of DER-based
power systems varies within a few milliseconds [21]. Accordingly, the operating time
constant of DER-based power systems are much faster than synchronous generator based
power systems. Therefore, faster control topologies are required for DER-based power
systems to regulate both operating frequency and voltage under different power system
contingencies. This faster control approach, improves the dynamic performance of DER-based
power systems in terms of active and reactive power sharing. Based on the above-discussed
research gaps, this paper presents the following contributions.

This paper proposes an adaptive droop control scheme to accomplish seamless
frequency and voltage regulation in GFM-DER based VPP system under different power
system contingencies. The GFM mode operation with adaptive droop controller enables
independent voltage and frequency regulation of the considered VPP system even in the
absence of grid. The proposed control scheme is designed based on the popular active power
versus frequency and reactive power versus voltage droop characteristics. Additionally,
automatic adjustment of droop coefficients is designed depending upon the magnitude of a
power system contingency.

Further, a small signal stability analysis considering DER-based inverter model is
presented in order to investigate system performance. System Eigenvalues are evaluated to
determine the operating ranges of the adaptive droop coefficients and the gain parameters of
the PI controllers of the voltage and current loop to ensure stable system performances.

Additionally, PSO is incorporated to evaluate the optimal value of the PI controller gain
parameters within the obtained range from the Eigenvalue analysis. In this regard, integral
square error (ISE) based performance index is utilized to determine objective functions.

Finally, in this work, a comparative analysis between the adaptive droop control
method and the traditional fixed gain droop control method is presented in order to establish
better system performance under critical power system contingencies (like faults and different
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load switching). It is noteworthy to mention that less than 1% frequency and 5% voltage
regulation is obtained under the proposed controller during critical power system
contingencies.

The rest of the paper is structured as follows. Section 2 represents the VPP configuration
considered in this paper, followed by section 3 where detailed controller analysis is presented.
In section 4, small-signal modeling for different parts of the controller is presented. Section 5
includes the Eigenvalue-based stability analysis. Next in section 6, simulation test results are
presented with a detailed discussion. Finally, section 7 presents the concluding remarks.

2. SYSTEM CONFIGURATION

In practical operation, several DERs based on different renewable sources (like PV
panels, wind generators, microturbines, and fuel cells) as well as Energy Storage Systems
(ESS) are integrated into a VPP, which is capable to function as an independent power
source. The traditional droop control topology can accomplish accurate sharing of power
among participating DERs. In the traditional droop control method, frequency and voltage
regulation is achieved using the fixed droop characteristics between active power-frequency
(P-f) and reactive power-voltage (Q-V). However, the pre-specified droop characteristic of
traditional droop control topology risk system stability under critical power system
contingencies. Thus, additional restoration control during critical contingencies is required.
In this context, often seamless control between the VPP internal units is carried out utilizing
two-way communication channels. Therefore, transmission system operator (TSO) and
distribution system operator (DSO) based supervisory load frequency control are necessary
to manage the sudden contingencies [22]. However, such control topology prioritizes
frequency regulation over voltage regulation to maintain power quality and system stability.
In these circumstances, it is noteworthy to mention that frequency and voltage regulation are
equally important to address the power quality and stability issues of VPP.

Therefore, this paper proposes an adaptive droop control topology to achieve seamless
frequency and voltage regulation by dynamically adjusting the droop gain under critical
power system contingencies. The proposed controller consists of three major loops-power
controller, outer voltage control and inner current loop. The power controller regulates the
frequency and voltage magnitude of inverters according to the dynamic adjustment of droop
coefficients. Further, the outer voltage control loop is utilized to control voltage accurately.
Additionally, the outer voltage control loop provides relevant inputs to the inner current
loop. Finally, the inner current loop generates a reference voltage signal for pulse width
modulation (PWM).

The proposed DER integrated VPP is depicted in Fig. 1. According to Fig. 1, each DER is
connected to its base loads through three-phase inverters LC filters (L and C; per phase
respectively, and coupling inductors L). Further, the DER-driven inverter, filter, base load
and coupling inductor are considered as a single unit. Likewise, a total of three units are
considered to present the VPP model. In the considered VPP, individual units share common
loads through the point of common coupling (PCC). Additionally, solid-state relay-driven
static switches are incorporated at different stages in order to accomplish fast islanding
operations under emergencies. The value of each parameter of the considered VPP model is
included in Table 1.
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Fig. 1. System configuration model.

Table 1. System parameters.

Parameter Value
System rated voltage (rms):V, 230V
System rated angular frequency: o, 314 rad/s
Low pass filter cut off angular frequency: o 31.4 rad/s
Filter resistance: Ry 020
Filter inductance: Ly 25mH
Filter capacitance:Cy 1200 pF
Coupling resistance: Ry 0.06 Q
Coupling inductance: L, 0.8 mH
Feed forward gain: Gy 0.5

The gain parameters of PI controller associated with outer voltage
and inner current loop: Ky, Kiy, Kpr, Kir

32.51, 25.78, 61.34, 30.75

3. CONTROL TOPOLOGY

3.1. Traditional Droop Control

Traditional droop control topology is extensively implemented in power system

problems to accomplish smooth voltage and frequency regulation while achieving sharing of

loads among the participating sources [23, 24]. Generally, the traditional droop control

maintains the linear relationship between frequency to active power (f-P) and voltage

magnitude to reactive power (V-Q) as expressed in Egs. (1) and (2);
Wgct = By - Q(P - Pf )

Vact =Vr -K(Q-Q¢ )

Retailer ) }
_b( ) H
'
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where @, and Vi are the system operating angular frequency (in rad/s) and point of
common coupling voltage (in volt), w, and V, are the rated angular frequency (in rad/s) and
voltage (in volt) of the system. P and Q are the instantaneous load active power (in MW) and

reactive power (in MVAR) whereas Prand Q; are the maximum active power (in MW) and

maximum reactive power (in MVAR) contribution from each DER. The term ¢ and k
represent the fixed frequency and voltage droop coefficients, as expressed by Egs. (3) and (4).

_(wact_a’r)_l’_a’

e 3)

k= Vact =Vr) _ AV (4)
Qs Qf

where Aw and AV represented the deviation of MG angular frequency with respect to the
reference, due to change of load.

3.2. Adaptive Droop Control

The traditional fixed gain droop control scheme appears insufficient to regulate voltage
and frequency while VPP is subjected to power system contingencies. In such scenario, this
paper proposes an adaptive droop control topology to improve the overall frequency and
voltage regulation by dynamically adjusting the droop coefficients depending on the
magnitude of a power system contingency.

The proposed adaptive frequency and voltage droop gains g, , and K, , of nt" DER
based inverter in VPP are evaluated as Eqs. (5) and (6):

\/(wact B a)r)(wmax ~ @ ) when (a)act - a)f) >0
|AP|
qeq,n = \/ (5)
(a)act - wr)(a)min — Wy, ) When(a)act - a)r) <0
|AP]
-V -V
\/(Vact |rA)((;/|max N : when (Vact _Vr) >0
Kegn = NS (6)
act ~ Vr min ~ Vact When(\/ac _Vr) <0
Q) |

Here, 0, and V. represent the rated system angular frequency (in rad/s) and rated voltage

(in volt) whereas @,, and V,, represent the operating angular frequency (in rad/s) and
operating PCC voltage (in volt). AP and AQ represent the mismatch of active and reactive

power between the present and the targeted value. In order to accomplish smooth, faster
frequency and voltage regulation upper and lower boundary limits of angular frequency

(rad/s) and voltage amplitude (volt) are considered as @, , @, , Vi,V

Figs. 2(a) and (b) depict the dynamic nature of frequency and voltage regulation in an
adaptive way when any disturbance takes place. In traditional droop control equations
(according to Eqgs. (3) and (4)) only the mismatch of angular frequency 4w and voltage 47 is
considered to evaluate the droop coefficients q and k . Thus, the droop coefficients are
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always constant under any load perturbation. However, in the proposed adaptive droop
control scheme to avail the adjustable droop characteristics (according to Figs. 2(a) and (b))

apart from the mismatch of angular frequency Aw = (wat —@,) and voltage AV = Vet —Vy)
the difference between the boundary limits with the operating values (ie. (®,, —®,,) for
operating angular frequency over the rated value or (@, —®,,) for operating angular

-V,,) for

under voltage) is also included. In addition to that, here in Eqs. (5) and (6), instead of
considering the maximum active and reactive power capacity of each DER (Prand Qg

in

frequency lower the rated value, similarly (V_, —V.,) for overvoltage and (V

min

according to Egs. (3) and (4)), the modulus of mismatch of active power AP (between the
present and the targeted value) and reactive power AQ (between the present and the

targeted value) are considered. Thus, over-loading and under-loading both situations are
considered.

Omax
4 == Adaptive droop

» = «Fixed gain droop

mact
®Onin ]
\
\\
N
Pminn P[,ml(l P"““n
(a)
Vinax L = « @« Adaptive droop
Fixed gain droop
vact
Vmin
3
N
Qmin“ led Qmax“

(b)
Fig. 2. Comparison between adaptive and traditional fixed gain methods: a) frequency droop control;
b) voltage droop control.
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Unlike the traditional approach (Egs. (3) and (4)), this modification in numerator and
denominator of Eqgs. (5) and (6) helps to adjust the droop characteristic curves to a new
operating point depending upon the magnitude of a power system contingency. Thus, when
the mismatch of angular frequency and voltage is very small the inverter power controller’s
droop gains are comparatively less (as depicted in Figs. 2(a) and (b)). Accordingly, the
inverter contributed power is also comparatively less. On the other hand, while this
mismatch of frequency increases; the inverter's droop gain also increases resulting in
increased inverter power output. Therefore, this adjustable relationship between the droop
gain and inverter-contributed powers provides faster frequency and voltage regulation
under different power system contingencies. As this flexible feature is not available in the
traditional fixed gain droop controllers, regulation of frequency and voltage is comparatively
more prolonged than this proposed one.

4. SMALL SIGNAL MODELING

This section presents the small signal modeling of the considered VPP model (as
depicted in Fig. 1). Primarily a single unit of VPP is considered to develop the small signal
model. However, for n number of units, the same procedure is repeated. Generally, this
analysis considers multiple non-linear equations. Further, these nonlinear equations are
linearized around their operating points in order to accomplish stability analysis [25]. The
step-by-step procedure to configure the model is presented in the following part.

4.1. Adaptive Droop-Controlled Inverter and Interface Circuit

The major components of each DER are a three-phase voltage source inverter (VSI), LC
filter and coupling inductor to interface with the common bus. Further, the adaptive droop
controller of the VSI is divided into three sections (according to Fig. 1), power controller,
outer voltage and inner current loop controller.

4.1.1. Power Controller

The idea of this controller is to adjust the droop curve to a new operating point by
dynamically adjusting the droop gains depending upon the magnitude of power system
contingency (according to Figs. 2(a) and (b)). The basic block diagram of this controller is
presented in Fig. 3. The instantaneous active power P (in MW) and the reactive power Q (in
MVAR) are evaluated using the two-axis theory considering the output voltage and current
(according to Eq. (7)).

W f
P= — (Vact—d lact—d +Vact—glact—q)
S+wp_¢
@)
Q= et Vact—d Iact—q _Vact—q lact—d)
S+ W_¢

A low pass filter is included here to filter out the high-frequency noise where @,_¢ and

s are the cut-off angular frequency (in rad/s) of the low pass filter and the factor of Laplace
transform, respectively [26]. V¢ g ,Vact—qs lact_g aNd lact—q are the dg components of the

operating voltages (in volt) and currents (in ampere). Now under small disturbance, Eq. (7)
will be modified as Eq. (8):
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SAP =AP =-@_{ AP+ @¢_¢ (15 gAVact—q + lss-qAVact—q +Vss—d Alact—d +Vss—qAlact—q) ®)
SAQ=AQ =-a_t AQ+@_ (lgs_qAVact—d — |§s—qAVact—q _Vss—qAI act—d tVss—dAl act—q)
where AP, AQ , AVyet_g , AVaet—q s Alget_g and Alget_q represent the small changes in active

power, reactive power, operating voltage d component, operating voltage g component,
operating current d component and operating current 4 component, respectively.Vss_q, Vs g

, lis_q and I are the steady state operating points obtained after linearization. Considering
the adaptive droop coefficients, «,, i.e., the angular frequency (in rad/s) and V,y_4 and
V:(:t_q (in volt) i.e., the voltage regulating equations can be presented as Eq. (9):
Wat = Or —Oeqn (P—Fy)
Vact-d =Vr —keqn(Q—Qn) ©)
Vact—q =0
where B, Q, are the maximum active power (in MW) and reactive power (in MVAR)

capacities of nth DER based unit. Further, for the realization of the small signal model, Eq. (9)
is modified as Eq. (10):

A® = —Qgq nAP
AVaet—g = _keq,nAQ (10)
AVa*(:t—q =0

Now, the angle difference between dg frames of individual inverters is converted in
one common dgq reference frame (, ) as represented in Eq. (11):

o= I(wact - a)X)dt (11)
Further, for small signal disturbances Eq. (11) is simplified as Eq. (12):
AS = Aw—Awy = 0o nAP — Awy (12)

Filter Active power evaluation V.o
- act-
c-f =
—= P= Vact-dIact-d + Vact-anCt-q *e— |
ST ¢
Vact-q |
Filter Reactive power evaluation Lo |
- ac = .
of g Q= Vact-dlact-q - V“‘Ct'qlaa'd “le— |
STO ¢ Il |
act-q
ey S PR -

Fig. 3. Block diagram of the power controller.

4.1.2. Outer Voltage Controller

Next in this section, a small signal model of typical outer voltage controller is
presented as depicted in Fig. 4. It consists of a standard proportional integral regulator (PI)
which compares the dq components of the actual output voltage V,;_q and Vaet_q (in volt)
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with reference values (obtained from the power controller) Vyy_q and V;d_q (in volt)

according to Fig. 3, to generate a voltage error signals. It also includes a feed-forward gain

G¢ to handle the output current disturbances. The state space equations from outer voltage

controller based on Fig. 4 are:

d . *
apd = Pd =Vact-d ~Vact—d
d (13)
apq = Pq =Vact-q —Vact—q
I >;:I—d = KivJ‘/bd + va (Va*ct—d —Vact-d) ~@CVact—d +Gi lact—d
Pl
= Kivpg +Kpy (Vact-d —Vact-d) =@ CVact—g + Gt lact—d
: o (14)
I fl-q = Kivqu +Kpy (Vact—q _Vact—q) + a’rCfVact—q +G lact—q
Pl
= Kiv:Oq +K pv (Va*ct—q _Vact—q) +aC fVact—q +Gy Iact—q
Pl

In Eq. (14), the proportional and integral gain parameters of the voltage controller
attached PI regulator are presented as K, and K;, respectively. Further, the small signal

model realization of the considered voltage controller under small disturbances is presented
as Egs. (15) and (16) becomes:

Apq = AVa;kct—d —AVact—qg (15)
qu = AVa;kctfq - AVactfq
Alf_q = KivJAPd +Kpy (AVaet—g =AVact—q) =@ Ct AVqgr_g +Gigs Al gt g

Pl
= KiyApg +K pv (AV;ct—d —AVaet—d) — @ Ci AVqer_g + G Al yi—g

] PI * 16)

Al fl-q = KiVJqu +K pv (AVactfq - AVactfq) +o,Cg AVactfq +Gg Al act—q

Pl
= KiyApg + Kpy (AV;ct—q - AVact—q) + @, CtAVqct_q + G Al getq

Pl
Inner Current Control Outer Voltage Control

Fig. 4. Block diagram of inner current and outer voltage controller.
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4.1.3. Current Controller

Following the same procedure, the inner current controller is designed next. In this
step, another PI controller is incorporated to compare the dg components of the filter current

I f_qandl fl-q (in ampere) with a reference (obtained at voltage controller output) 11 g
and I’]‘:|_q (in ampere) to generate the sinusoidal pulse width modulation (SPWM) signals

Vii_q and Vi::]—q (in volt). The basic block diagram of this inner current controller is depicted

in Fig. 4. The corresponding state space equation of the current controller loop is:

d : *
aﬂd =44 =g — -
y (17)
gt =% =gl
Vin-d = Kii [7a + Ko (If—g —Ta_a) —@rL¢ g
Pl
= Kit7g +Kpi Ufizg —Ta—g) —@rLs ly_g
= (18)
Vin—q = Kii [7q +Kpi (15_q =1 i) +@rLs 1 g_q
Pl
= Kjjrq+ Kpl (l?l—q -1 flfq) +orLy fl—q
=

where A/id and Aﬂ-q are the initial current errors which is fed to the PI controller to obtain

Eq. (18). In order to realize the small signal model of the current control loop under small
disturbances, Egs. (17) and (18) are modified as Egs. (19) and (20), respectively.

Adg =Alf_g —Alg_g

o (19)
AVir_g = K [a7g +Kp (Alf_g —Al g_q) oLt Al g4
Pl
= KijAyg + K (Alf g —Alg_g) —orLi Al g4
Pl (20)
AVin_q = Kij [A7q +Kp (Alf_q —Alg_g) +or Le Al g_g
Pl
~ KiyArg+Kpy (Al g —Alg_g) +orLg Al g_q
Pl

where Kjp and K, are the proportional and integral gain parameters of the current controller

attached PI regulator. | f_q and | fl-q are the dq component of filter current (in ampere).

4.2. LC Filter and Coupling Inductance Models

The inverters are generally connected to the grid through LC (Lfin mH, Crin pF) filter
and coupling inductor Ly (in mH) to reject the unwanted components of harmonics near
switching frequency. Thus, the state space equations associated to LC filter with coupling
inductor L, (based on Fig. 1) become:
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g (R¢ +sb¢)=Lg (055l fy_q + lss—q®) = (Vin—d —Vact—d) 1)
(R +sL¢)=—L¢ (@ssl fi—q + 1ss-q @)+ Vin—q —Vact—q)

d .
o avact—d =C¢Vact-d = (Ifi—d —lact—d) +C¢ (@ssVact—q +Vss—q@)

d .
Cy avact—q = CfVact—q =(I fl-q ~ Iact—q) —C (@ssVact—d +Vss—d @)

lact—d (Rep + SLep) = Vact—d —Vbus—d) + Lep (@sslacti—q + lss—q o)
Iact—q (ch + Sch) = (Vact—q - AVbus—q) - ch (@ssAl gcti—g — 55— q A®)

After simplifying and rearranging Eqs. (21) and (23), we get Egs. (24) and (25);

(22)

(23)

. Rf 1

Ifi—g Z_EIfl—d + 55 g —L—(Vin—d —Vact—d) + lss—q@
24
. R, (24)
lfq=- Lf lfi_q —®@ss 1 f1-g + (Vm -q~ act—q)_lss—da’

, 1 ch
lact—d = Vact—-d ~Vous—d ) + @ss Iactl—q - lact—d + lss—q@
Lep Lep 25)
Iact -q= L T Mact—q ~Vous—q) ~ @sslacti-d — i
= us— ac
Ly q L

[
lact—q —lss—q @

p
Further, under small disturbance, Egs. (22), (24) and (25) modified as Egs. (26), (27) and (28):

R Rf 1
Alg_g = T Alf_g + oAl g _:(Avinfd —AVqct_g )+ lss—qA®@
Ry 1 (26)
Alg_q= —:N fl—q — DssAl f1_g +:(Avin—q —AVqct—q) — lss_gA@
. 1 ,
Alget—g = Lc_ (AVact—d —AVpys_d) + @55 Al gey_q — LC_CPAI act-d T lés—qA@
p p
. 1 R (27)
AIact—q = LC_(AVact—q —AVbus—q) —a’ssAlactl—d - L:p AIact—q - Is’s—d Aw
p p
; 1
AVit_g = a (Alf_g —Algeg)+ wssAVact—q +Vss—qAa)
] 28)
AVact—q = a (AI fl-q — Al act—q) - a’ssAVact—d _Vss—d Aw

Here the dq components of the bus voltage (in volt) are represented as V4 andVbus_q.

Vip_qand Vin—q are the dq components of the inverter voltage (in volt). wss, lss—q | ss—q are

the steady state dq components of initial values of all the operating points. The values of all
steady state initial operating points are furnished in Table 2.

4.3. Complete Small-Signal Model

Finally, combining all above mentioned controller state space equations, the complete
small signal model of one DER based unit can be presented in matrix format considering

total 13 states. The output |§Ct_dq and input Vbcus—dq are converted in common dgq frame as:
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[Igct—qu:[F][lact—dq]:{

[Vbus—dq 1=[F ] [Vbcus—dq 1= [

Further, under small disturbance, Eqs. (31) and (32) are obtained after linearizing

Egs. (29) and (30):

c _|coss, —sind,
[Alaﬂ—dq } _[ oS &,

sin g,

[Avbus—dq] = {

Here, 5, considered as steady state load angle (in radian). Finally, the standard input output

C0S 9,
—sin g,

sin o,
C0S 9,

C0So
sind

—-sind
C0So

CoSo
—sind cosd

}[Avbcus—dq 1+

sind

—1_4SinS, —

:I[Alact—dq]"'[ K

ss—q

}[I act—dq]

}[vbcus_dq]

cos &y —

I COS O,

&-qSING,

~Vius—d SiN & +Vigs—q €05 &
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[Ad]

VbCUS—d Ccos 50 _Vbcus—q sin 50

state space equations of n number of DER fed inverter models is presented as:

[Axinv—n ] = Anv-n[Miny-n]+ Biny_n [Avt;:us—dq—n] +Bnp, [Aax]

where,
[AXiny_n]=

(29)

(30)

(31)

(32)

(33)

[Ad, AP, AQ, Apy, qu—n Ady_p Aﬂq—n Alg_g_q AIfI—q—n AVyetg-n AVact—q—n Al - AIact—q—n]T(?"L)

Al

c
act—dg-n
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0 _qeq,n 0
0 —wc_f 0
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0 0 0
0 0 ~Heq K
0 0 0
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y :
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0 -1 0 0
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where X =Vj,s_q 5in &) ~Viss €058, Y =Vius_g 05 +Viys_q Sin &

(35)

0
0V
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Table 2. Initial values of Unit-1 operating parameters in VPP.
Parameter Value Parameter Value Parameter Value
Steady state voltage d- Steady state current Bus voltage d-
axis component for LC 3115V d-axis component 3095 A axis component -3V
filter Vis.a for LC filter Is.4 Vbusq
Steady state voltage g- Steady state current
. : Instantaneous
axis component for LC ov g-axis component -10.05 A . 80 MW
filter Vs, for LC filter Isq4 active power P
Steady state current d- Steady state angular Instantaneous
axis component for L,  30.95 A frequency s 3l4rad/s  reactive power 60 MVAR
1 Q
Steady state current g- _ Initial load
axis component for L, 02 A Bus voltage g-axis 3087V angle 0.22e-3
1L, component Viys.a 5, rad

5. STABILITY ANALYSIS USING EIGENVALUE

Further, in this section, detailed stability analysis (of a single unit under considered
VPP) based on the obtained small signal model is carried out utilizing Eigenvalue spectrum
as depicted in Fig. 5. In this regard, the elements of the state matrix Aj,_1 are calculated
considering the initial values of each parameter.

According to Fig. 5, it is observed that the Eigenvalues are scattered in the three
different sections on the left-hand side of the real-imaginary plot. Moreover, it is evident that
Eigenvalues which reside nearer to origin (dominant Eigenvalue) are very much sensitive in
terms of system dynamics. Further, these dominant Eigenvalues are responsible for high
system oscillations [27].
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Real Axis

Fig. 5. Eigenvalues of Unit-1 state matrix.

The range of adaptive frequency and voltage coefficients (0eqnandky,) are at first

evaluated by testing the VPP model under critical power system contingencies in
MATLAB/Simulink environment (Figs. 6(a) and (b)). The obtained range of the coefficients
is validated using Eigenvalue analysis as presented in Figs. 6(c) and (d) where, the
displacement of dominating Eigenvalues is minimal.
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Fig. 6. a) Adaptive frequency droop gain adjustment; b) adaptive voltage droop gain adjustment under power
system contingencies; ¢) dominant root locus as Qgq €[0.004,0.4] ; d) dominant root locus as keq €[0.00005,0.9] .
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Additionally, the PI controller gain parameters of voltage and current loop play an
important role in system dynamics. Thus, the gain parameters of these PI controllers are

selected in two steps.

Firstly, a range of gain parameters ( K, , K;, , Ky and K; ) are obtained from

Eigenvalue analysis in order to ensure stable system response (assuring all Eigenvalues
situated left-hand side of the s-plane) as depicted in Figs. 7 and 8. Next, the optimal values of
the PI controller gain parameters are evaluated from its respective selected ranges to assure

an improved transient and steady state response. In this connection, integral square error

(ISE) technique is incorporated to determine the minimum objective function [28] in presence

of PSO algorithm as presented in Eq. (37).
T
Min I'jsg = J.[Ol(a)r_a’act)2 + BV —Vaer)?1dt
0

Subjected to:
KpV—MAX < va < KpV—MIN
Kiv-max < Kiy <Kjy_min
K <Kp <K
K < KiI < KiI—|qu

pl-MAX pl—MIN

il —-MAX

Here, T presents the simulation time, & and g presents the weightage factors.
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Fig. 7. a) Variation of dominant Eigenvalue for K, e[1,100] ; b) variation of dominant Eigenvalue K;, [0.1,50] .
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Fig. 8. a) Variation of dominant Eigenvalue K, [1,100]; b) variation of dominant Eigenvalue K;, €[0.1,50] .

6. SIMULATION RESULTS AND DISCUSSION

Power systems often experience small or large frequency and voltage fluctuations
under different contingencies. Thus, this section presents the detailed simulation results of
different power system contingencies both inside and outside of the VPP to validate the
effectiveness of the proposed controllers. As discussed earlier the considered VPP is modeled
considering three DER fed units (represented as Unit-1, Unit-2 and Unit-3). In this
considered VPP model, different types of faults and load perturbations are tested utilizing
both traditional droop control and adaptive droop control topology. Accordingly, a
conventional droop control topology [29] is considered to develop the comparative analysis
between fixed gain droop control and proposed adaptive droop control method. The
comparative results of each test case are demonstrated in the following section to establish
the improved transient and steady state response of the proposed adaptive controller over
the traditional droop controller in terms of frequency and voltage regulation under critical
power system contingencies. The brief overview of simulation case studies is depicted in
Fig. 9.
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Fig. 9. a) Overview of simulation tests in VPP; b) location of different load switching and fault locations of VPP.

6.1. Performance Analysis during Large Magnitude Contingencies using Adaptive

Droop Control Topology and Traditional Droop Control Method

Power system currents do not only become abnormally high during faults but also
spread very fast amongst the connected components. Normally, when a fault occurs in the
utility grid or in VPP system, temporary isolation of the faulted portion is carried out
utilizing relay circuit breaker combination to interrupt the fast propagation of fault current.
Further, after fault clearance reconnection of VPP with utility grid resumes, enabling
interconnected operation. In this work, the suggested VPP model is tested with different
symmetrical and unsymmetrical faults in MATLAB/Simulink environment under the
proposed adaptive droop control topology. Further, a comparative analysis between
tradition and proposed adaptive droop control scheme under different fault situations is
presented to highlight the improved transient performance in terms of frequency and
voltage regulation.
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6.1.1. Unsymmetrical Faults

Unsymmetrical faults in transmission or in distribution lines cause unequal phase
shifts in three-phase voltage and current. Additionally, current rises abnormally during
faults as very low impedance is offered by the fault location. Under such condition, relay
circuit breaker together identifies and isolates the fault-affected sections in order to restrict
the propagation of the fault current. Thus, the interval between fault initiations to fault
clearance is very crucial for the DER-based VPP scenario to sustain the impact of fault
current. In this connection, the proposed controller attempts to regulate the frequency below
1% and voltage below 5% during this crucial interval. Accordingly, the considered VPP
model is intentionally tested with unsymmetrical faults like line-to-line-to-ground (L-L-G),
line-to-line (L-L) and line-to-ground (L-G) at different instants of the simulation run time to
establish the improved performance of the proposed droop control method over the
traditional droop control method.

e L-L-G Fault: According to Fig. 9(b) at first, the VPP simulation model is tested under L-L-G
fault at the instant of 0.03 s. The fault is created inside Unit-1 of the considered VPP. When
the fault takes place, temporary isolation of Unit-1 is carried out by the associated solid-
state relay-driven static switch (functions like relay and circuit breaker) in order to restrict
the propagation of fault current from the remaining power system. Thus, Unit-1 operates
as islanded part till clearance of the fault i.e. 0.09 s. In this situation, Figs. 10(a), 10(b), 11(a),
and 11(b) depict the performance of traditional and proposed adaptive droop control
topology in terms of frequency and voltage regulation.
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Fig. 10. a) Operating frequency; b) operating voltage of traditional droop control based Unit-1 under L-L-G fault.
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Fig. 11. a) Operating frequency; b) operating voltage of adaptive droop control based Unit-1 under L-L-G fault.

According to Figs. 10(a) and (b), in case of a traditional droop controller (the
highlighted area inside the box), the frequency and voltage oscillation sustains (between the
range of 49.0-49.5 Hz for frequency and 339.999-340.0013 V for voltage) till the fault
clearance. However, in case of the proposed adaptive droop control method, due to the
dynamic adjustment of frequency and voltage droop coefficients, fluctuation of frequency
and voltage is significantly less (according to Figs. 11(a) and (b)). It is clearly visible in
Figs. 11(a) and (b) that the proposed controller regulates frequency between the range of
49.9992-49.9994 Hz and voltage very close to 340 V even under the fault situation.
¢ L-G and L-L Fault: Next, other two unsymmetrical faults L-G and L-L faults are tested in

Unit-2 and in Unit-3 respectively as depicted in Fig. 9(b). Like the previous case, solid state
relay driven static switches perform selective isolation of the fault locations. Thus, at 0.08 s
Unit-2 (for the L-G fault) and at 0.1 s Unit-3 (for the L-L fault) are islanded to restrict the
propagation of fault currents. The performance of traditional and proposed adaptive droop
controller during these fault scenarios is presented between Figs. 12 to 15, where Figs. 12(a)
and (b) depicts the Unit-2 frequency and voltage responses while regulated by traditional
droop controller under L-G fault case.
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Fig. 12. a) Operating frequency; b) operating voltage of traditional droop control based Unit-2 under L-G fault.

Similarly, Figs. 13(a) and (b) present the Unit-2 frequency and voltage responses while
regulated by the proposed adaptive droop controller under the L-G fault case. Further, Figs.
14(a) and (b) depict the Unit-3 frequency and voltage responses while regulated by a
traditional droop controller under an L-L fault. Finally, Figs. 15(a) and (b) presents the Unit-3
frequency and voltage responses while regulated by an adaptive droop controller under an
L-L fault.

Based on Figs. 12, 13, 14, and 15, it can be stated that the oscillation of voltage and
frequency around their respective nominal value is significantly less in case of the proposed
adaptive droop control under the fault situations. Further, the selective isolation of the fault-
affected units under considered VPP restricts the propagation of fault current in the
remaining power system. In this situation, the three-phase voltage and current waveforms of
the individual units (Figs. 16(a) and (b) for Unit-1 output voltage and current, Figs. 17(a) and
(b) for Unit-2 output voltage and current, and Figs. 18(a) and (b) for Unit-3 output voltage
and current) confirms the stable operation even after islanding operation.
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6.1.2. Symmetrical Faults

In this section, symmetrical L-L-L fault is considered to occur outside the VPP model.
During this test (according to Fig. 9(b)) the solid state relay driven static switches perform
complete isolation of the VPP from the utility grid in order to restrict the propagation of fault
current inside the VPP. Thus, the power contribution from VPP (between 0.14 to 0.18 s
according to Figs. 19(a) and (b)) becomes zero during this interval.

The voltage and frequency regulation responses during this islanded period are
presented in Figs. 20 and 21. It is clearly visible in Figs. 20(a) and (b) that the oscillation of
voltage and frequency is significantly large in case of traditional fixed gain droop control
method. However, comparatively less frequency and voltage oscillation is obtained under
the proposed adaptive droop control method as depicted in Figs. 21(a) and (b).
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Fig. 19. a) Overall VPP Voltage response; b) current contribution from VPP to PCC.
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6.2. Performance Analysis during Different Load Switching using Adaptive Droop

Control Topology and Traditional Droop Control Method

So far, different faults are tested inside and outside of the considered VPP. Further, the
same VPP model is tested under switching of different loads (like inductive loads, induction
motors, and nonlinear loads) to examine the proposed adaptive controller performance over
the traditional droop controller. Thus, at the instant of 0.18 s and 0.22 s according to Fig. 9(b),
two inductive loads of different ratings are switched at PCC. Further, an induction motor at
an instant of 0.24 s and a nonlinear load at an instant of 0.26 s are switched simultaneously at
the PCC. According to Figs. 22(a) and (b) satisfactory system performance, in terms of
limited frequency and voltage oscillations is achieved under the proposed adaptive droop
controller.
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Fig. 22. a) Operating frequency; b) operating voltage of adaptive droop control based three units after islanding
operation.

However, VPP with traditional fixed gain droop control topology experiences
sustained voltage and frequency oscillations (according to Figs. 23(a) and (b)) during the
switching of the induction motor and nonlinear load. Thus, it can be stated that much-
improved frequency and voltage regulation can be achieved by utilizing the proposed
adaptive droop control topology in order to ensure stable operation during sensitive load
switching under the VPP scenario.
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Fig. 23. a) Operating frequency; b) operating voltage of traditional droop control based three units during
switching of different loads.

Table 3. Performance analysis - under different contingencies - between traditional and the proposed adaptive
droop control scheme in VPP.

Overall VPP frequency Overall VPP voltage
Simulation . Location variation [Hz] variation [V]
. Disturbance = T
time [s] of VPP Traditional Proposed Traditional Proposed
droop [29] adaptive droop droop [29] adaptive droop
49-49.5 49.9992-49.9998  339.98-340.4 340
0.03-0.09  L-L-G fault Unit 1 : ) . .
from Fig. 10(a)  from Fig. 11(a) from Fig. 10(b)  from Fig. 11(b)
0.08-0.12 LG fault Unit 2 49.2?—49.6 49.9996.—49.9999 339.99'6—340.3 3.40
from Fig. 12(a)  from Fig. 13(a) from Fig. 12(b)  from Fig. 13(b)
0.1.015 L.L fault Unit 3 49.1?—49.5 49.9993.—50.0001 339.99.6—340.2 3.40
from Fig. 14(a)  from Fig. 15(a) from Fig. 14(b)  from Fig. 15(b)
0.14-0.18 L-L-L fault  outside - - - -
0.18 Inductive load PCC 49.19-50 50 3;31?)90?)91;_ 340
' switching from Fig. 23(a)  from Fig. 22(a) from Flg 2%(b) from Fig. 22(b)
0.9 Inductive load PCC 49.2-50 50 339.999-340.11 340
' switching from Fig. 23(a)  from Fig. 22(a) from Fig. 23(b)  from Fig. 22(b)
004 Induitlon e 49.2-50.0001 50 339.999-340.12 340
. motor
switching from Fig. 23(a)  from Fig. 22(a) from Fig. 23(b)  from Fig. 22(b)
026 Non-linear PCC 49.2-50.0002 50 339.999-342.13 340

load switching

from Fig. 23(a)

from Fig. 22(a)

from Fig. 23(b)

from Fig. 22(b)
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Based on the above-discussed test results, a comparative analysis between traditional
fixed gain droop control and proposed adaptive droop control in the VPP scenario
(considering three DER-based units) under different power system contingencies is
presented in Table 3. According to Table 3, the improved frequency and voltage regulation
for each test case confirms the satisfactory performance of the proposed controller over the
traditional one. However, the proposed adaptive droop controller is model specific.
Therefore, few controller parameters are required to modify depending upon the different
power system ratings.

7.  CONCLUSIONS

This paper introduces an adaptive droop control topology for GFM-DER based VPP in
order to accomplish seamless frequency and voltage regulation under critical power system
contingencies (power system faults and different load switching). Additionally, a small
signal stability analysis is carried out to investigate the system performance. Based on the
detailed investigation the point-wise conclusion can be furnished as follows:

e This work presents an adaptive droop control topology for GFM-DER based VPP
environment. The available fixed gain droop control topology is insufficient to achieve
seamless frequency and voltage regulation in VPP scenario under critical power
system contingencies. In this connection, the dynamic droop gain adjustment feature of
the proposed control topology overcomes the drawback of the traditional droop
control scheme.

e Furthermore, an Eigenvalue-based small signal stability analysis is carried out to
investigate the proposed system performance. In this scenario, utilizing the Eigenvalue
analysis, a stable operating range of the proposed adaptive droop controller
coefficients as well as PI controller (of the outer voltage and inner current loop) gain
parameters are evaluated separately.

e Based on the obtained simulation results, it is ensured that improved transient and
steady state response is achieved when the adaptive droop controller is operated
within the evaluated range. Further, stable and secure system performance is achieved
by utilizing the PI controllers. Based on the obtained operating range, the proper
tuning of the PI controller gain parameter is further accomplished by utilizing the PSO
algorithm.

e Finally, the dynamic performance analysis of the VPP has been carried out in presence
of the proposed controller considering various contingencies under
MATLAB/Simulink environment. In this regard, a comparative performance analysis
between the proposed adaptive droop control method and the traditional fixed gain
droop control method under different power system contingencies is presented. The
simulation test results establish the superior performance of adaptive droop controllers
over traditional droop controllers in order to regulate frequency below 1% and voltage
below 5% according to IEEE 1547 standards.

In future, the proposed adaptive droop control scheme will be tested in large capacity
decentralized VPP scenario in order to improve system performance in terms of voltage and
frequency regulation under various power system contingencies.
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