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Improving Power Response of Single-controllable
VSG-based Active Distribution Network

Shah Fahad™, Arman Goudarzi, Pierluigi Siano”, and Ji Xiang, Senior Member, IEEE

Abstract—Controlling an active distribution network (ADN)
from a single PCC has been advantageous for improving the
performance of coordinated Intermittent RESs (IRESs). Recent
studies have proposed a constant PQ regulation approach at
the PCC of ADNs using coordination of non-MPPT based
DGs. However, due to the intermittent nature of DGs coupled
with PCC through uni-directional broadcast communication, the
PCC becomes vulnerable to transient issues. To address this
challenge, this study first presents a detailed mathematical model
of an ADN from the perspective of PCC regulation to realize
rigidness of PCC against transients. Second, an H, controller is
formulated and employed to achieve optimal performance against
disturbances, consequently, ensuring the least oscillations during
transients at PCC. Third, an eigenvalue analysis is presented
to analyze convergence speed limitations of the newly derived
system model. Last, simulation results show the proposed method
offers superior performance as compared to the state-of-the-art
methods.

Index Terms—Cooperative control of DGs, hierarchical
control system, high penetration of intermittent RESs, H
control, optimal control in power systems, single-controllable
active distribution networks.

I. INTRODUCTION

NTEGRATION of intermittent renewable energy sources

(IRESs) into passive distribution networks have led transi-
tion towards active distribution networks (ADNSs) [1]. How-
ever, this transition has brought forth new challenges that
include voltage rise (due to reverse power flow), unconsumed
excess power from IRESs operated in maximum power point
tracking (MPPT) mode, and power fluctuations due to the
intermittent nature of wind turbine generators (WTGs) and
photovoltaic generators (PVGs).

Existing ADNs are being energized by a small percentage
of IRESs while the rest of the demand is being fed by
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other sources which mostly rely on synchronous generators
(SGs). Currently, IRESs are operated with MPPT modes which
compel the source to inject all available energy to the grid
without taking notice of the load demand. Since, penetration
of IRESs compared to SGs based generation is low, therefore,
injecting all the available energy into the grid is economically
feasible. However, when penetration of IRESs is high as
compared to the SGs based generation, only the economical
perspective might not suffice. For instance, consider an ADN
where high penetration of MPPT-enabled IRESs are injecting
all available energy to the grid without considering the load
demand. During the event when the load demand is less
than generation, excess power will create an imbalance of
power which will inflict severe consequences for the grid
such as frequency deviation, voltage rise, and power dispatch
issues [2].

These problems can significantly be overcome by operating
the IRESs without MPPT controller device. Moreover, if active
and reactive power (PQ) at the point of common coupling
(PCC) of an ADN is regulated to a constant value, then the
whole ADN will exhibit features of a PQ node thus making it
a single-controllable ADN [3]. In other words, the PCC can
be manipulated to inject only the desired amount of active
and reactive power from the ADN to the grid thus saving
the grid from overwhelming power. Furthermore, the active
and reactive powers of the non-MPPT operated IRESs can
be coordinated in such a manner that the PCC of ADN is
regulated as a constant PQ node [2].

To regulate the PCC as a constant PQ node, a broadcast
communication is required between local nodes of DGs and
high voltage PCC. Moreover, DGs require bi-directional com-
munication to establish coordination among them. Therefore,
the response of DGs is directly coupled with active and
reactive power of PCC, consequently, creating various com-
plications. For instance, any change in load, irradiance (for
PVGs), or wind speed (for WTGs) will vary output power
from DGs. Varying load, and output power variation from
DGs directly inflicts undesired fluctuations in the PQ demand
management at PCC of ADN.

A. Literature Review

In this regard, several studies have proposed coordination
control strategies to subdue the affect of IRESs on the PCC
of ADN.

The authors in [4] presented a coordination control strategy
for load management and voltage regulation using battery en-
ergy storage system (BESS). However in this method, the loss
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of leader can cause complete shut down of the whole system.
In [5], a new method for energy management of various DGs
is considered; nevertheless, the PQ regulation feature at PCC
of ADN is neglected. Moreover, studies in [6], [7] proposed
energy management strategies for distantly located energy
sources to suppress influence of intermittency of IRESs on
the grid. The authors in [8] proposed an energy management
scheme for multiple PVGs in order to inject constant power
to the grid. In [9], a study based on constant power injection
to the grid through using coordinated tuning of WTGs and
BESS is proposed. These studies have applied constant PQ
management at PCC of ADN while suppressing intermittency
of IRESs through utilizing BESS. However, coordination
among IRESs is not considered. Whereas, the proposed strat-
egy focuses on coordination among IRESs. Authors in [10]
reported a method to suppress fluctuations at tie-line using
the BESS and demand response program. Nonetheless, this
method relies on a centralized architecture. Failure of the cen-
tral computer can sabotage the whole operation [11]. A power
management strategy at PCC along with addition of power
quality enhancement feature is presented in [12]. However,
this method requires a converter directly attached to the PCC.
Few studies have proposed distributed control techniques for
parallel operation of DGs. For instance, the authors in [13]
proposed a distributed control scheme to optimize active power
output from parallel operating IRESs. Similarly, a consensus
based distributed control strategy is presented in [14], where
power management among IRESs is achieved in a coordinated
manner. In addition, the authors in [15] proposed an energy
management scheme to optimize the active power dispatch
from parallel operating IRESs. Moreover, an optimized re-
source allocation scheme using multi-agent framework is
presented in [16]. Furthermore, in [17], a consensus based
distributed control algorithm is proposed to optimize power
dispatch among DGs considering local estimation of power
mismatch. However, these distributed control methods only
consider active power management. Ignoring reactive power
management can have serious consequences with voltages in
the system.

In this context, both active and reactive power management
is considered in [18] and [19]. However, the only drawback
is that these methods use derivative for terminal voltage that
could magnify noise components and lead to power quality
degradation.

Some rare methods also proposed coordination of virtual
synchronous generator (VSG) controlled DGs. The authors
in [20] proposed a master-slave configuration for VSGs. In
this strategy, VSGs operate at MPPT during steady-state mode
while in transient mode operation is transitioned to P — w
mode. In [21], the authors presented a coordination scheme
for VSGs which uses adaptive values of the moment of
inertia (J) and damping (D) to suppress power oscillations
during disturbances. In a different context, the authors in [22]
proposed a decentralized method to handle power management
among several sources. However, these studies are mainly
focused on coordination of IRESs in an autonomous system
without considering the single-controllable feature of ADN.

Furthermore, another VSG-based power management strat-
egy is presented in [23]; nevertheless, coordination among
IRESs is ignored. Until this point, the above literature ei-
ther proposed coordination of IRESs or PQ regulation at
PCC whereas the proposed study aims to implement both
simultaneously. In this regard, the strategy presented in [2]
uses coordination of grid feeding converters to achieve PQ
regulation at PCC of ADN. Nevertheless, the use of grid
feeding converters inflict severe oscillations on the PCC of
ADN whereas disproportionate reactive power used to achieve
voltage balance may lead to circulating reactive power issues
as shown in [3].

Aiming to curb drawbacks of the above studies, a unique
method was presented by [3] and [24] to share active and
reactive powers of VSG controlled DGs proportionately in
order to achieve common power factor, as well as constant
PQ demand management at the PCC of ADN. As per the
requirement of application, this method serves well. However,
the aforementioned studies ([3]) and [24]) did not consider
mathematical modeling and quantitative analysis of rigidness
of the PCC of ADN. Moreover, regulating the PCC as a
constant PQ node can inflict severe consequences for the PCC
itself. For instance, active and reactive power controllers at
PCC are directly linked with generation of IRESs through uni-
directional broadcast communication. Moreover, until consen-
sus is reached, bi-directional communication-based distributed
control among DGs keep changing the active and reactive
power output from DGs. Any change in active and reactive
power output of DGs will induce error in the controller of the
PCC. For this reason, dynamics of IRESs influence rigidness
of the PCC of ADN. More importantly, mathematical models
proposed in the above literature review are given in isolated
form. For instance, the primary control layer in [3], [24] holds
the swing equation for VSG, while in [2], the primary control
layer is based on grid feeding converter control law. Whereas,
the tertiary control layer models hold proportionate active and
reactive power in [3], [24] and active power sharing with volt-
age balancing feature in [2]. The above mentioned strategies
lack modeling of influence of dynamics of one control layer
over the other. Therefore, the influence of dynamic elements
from coordinated DGs on the PCC regulation can not be
analyzed. The proposed study expands the existing study by
proposing a simple but an essential model that mathematically
represents the influence of dynamic elements of primary
and tertiary control layer over the secondary control layer.
In addition, the proposed study proposes representation of
rigidness of PCC as H,-norm which was made possible using
the proposed mathematical model. To categorically highlight
contributions of the proposed study, the above literature review
is presented in Table 1.

Owing to the aforementioned deficiencies, the proposed
study aims to improve the previously presented method in [3]
by not only introducing a detailed mathematical model that
contains dynamics of coordination of IRESs, but also, to
reduce implications of dynamics from IRESs on rigidness of
the PCC. In this study, a comprehensive mathematical model
is presented to realize the nature of the PCC in terms of how
rigid it is against disturbances. Moreover, an H, sub-optimal
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TABLE I
COMPARISON OF THE PROPOSED STUDY WITH THE STATE-OF-THE-ART METHODS.

References Regulating  DGs o Power Factor ~ Dynamic Model PCC Rigifiness
pPCC Coordination ~ Improvement  Representation Optimization
[25]-[28] v X X X X
[5], [20]-[22] X v X X X
[61-[91, [23] v X X X X
[12] v X v X X
[10] v X X X X
[13]-[19], [24] v v X X X
[2] v v X X X
(3] v v v X X
The proposed strategy v/ v v v v

controller is derived that successfully enhances rigidness of
the parameters at PCC by reducing the H., norm of the
closed loop system. Furthermore, the convergence speed of
the proposed model is assessed to avoid an undesired/slow
response of the model.

The main contributions of the proposed study are:

o A complete mathematical formulation of the aggregated
plant model is derived that includes dynamics of parallel
operating converters and their effect on active and reactive
power of PCC. Contrary to [2], [3], [24], the proposed
method mathematically represents the relation between
dynamics of primary control layer and tertiary control
layer on the PQ management of the PCC of ADN. It is
shown that, the proposed model provides the opportunity
to evaluate the nature of the rigidness of PCC.

« Motivated to enhance rigidness of parameters at PCC, an
H, controller is derived to minimize closed-loop gain
of the PCC. With this approach, it becomes possible to
optimize the response of PQ parameters at the PCC.

o FEigenvalue analysis of the proposed model is also pre-
sented to evaluate limits of the convergence speed of
the proposed model. Moreover, the proposed method is
validated on a generic IEEE 13-bus and IEEE 34-bus test
system.

The benefits of the proposed method over conventional meth-
ods can be highlighted as:

o Optimized active and reactive power regulation rigidness
at PCC which improves dynamics at PCC.

o Suppressing overshooting peaks at PCC keeps substation
transformer and power electronics converters from over-
loading.

o Improving dynamics of active and reactive power man-
agement at PCC have also led to the improvement in
performance of frequency of the system as well.

II. PRELIMINARIES

The proposed study is mainly focused on the modification
of secondary controller; however, the role of primary and
tertiary control layer cannot be ignored. For the purpose of
clarity, a brief introduction of the role of primary and tertiary
control layer is presented in subsections below. Moreover, a
brief discussion on influence of system dynamics on the PCC
regulation is also presented.

A. Primary Control Layer

As shown in Fig. 1, each DG in the ADN is equipped
with VSG control which is operated without MPPT mode.
With VSG control, DGs emulate the behavior of a SG,
thereby, enhancing the inertial response of the system. The
electro-mechanical equation used in the proposed system is
expressed as:

dwysg

vangng = vag - Pe - D(stg - wn) (1)

here, Jysg, wysg and w, is moment of inertia, angular fre-
quency of virtual shaft and nominal angular frequency, re-
spectively; Pysg(0r Pret), and P, represents virtual mechanical
power and electrical power, respectively; virtual damping is
represented by D.

Reactive power regulation in the proposed method is ex-
pressed as:

dE4

KincrtiaT;ef = (Qrcf - stg) + Kq(|Vg| - V\ig) (2)

here, Kinertia 1S the virtual inertia constant of excitation
controller and EZ; is the reference voltage for converter
output.

Due to on-going replacement of SGs with MPPT mode
DGs, the inertia constant of the overall power systems is
declining. With loss of heavy rotating rotor, which is the key
inertia element in power systems, primary control based on
governor response is lost due to which the system experiences
high RoCoF along with taking less time to reach frequency
nadir. Therefore, the proposed study uses VSG control based
primary control layer for all DGs in a coordination cluster to
retain the declining inertia constant. Depending on the control
strategy adopted for the DGs, the overall inertia (including the
virtual inertial) constant of the power system can be expressed
by [30]:

Sai
Ssys

— Spai
+ ZHDGi * TZ

ng
Hsys = § HSGi * S
i=1 i=1 sys

o SBESS:
3
+ E Hpgssi * 5
i=1 5ys

3)

here, subscripts Sgi, Spai» SBESS: notes the apparent power
of the i*" SG, DG, and BESS, respectively; terms Hgg;,
Hpgi, Hpgss: represent inertia constant of SG and virtual
inertia constant for DGs and BESS. It is pertinent to mention
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Fig. 1. Controller validation using the IEEE 13-bus distribution distribution system [29].

that, the proposed study uses coordination of a cluster of VSG
controlled DGs to regulate the PCC of ADN as a constant
PQ node. In this manner, the whole cluster of DGs (with
non-MPPT operation) responds to requirements of the PCC
in a coordinated manner thus improving the performance of
frequency of the overall ADN. In addition, the use of non-
MPPT operation implies that the DGs will generate less power
than its maximum capacity until the consensus index is less
than 1. The consensus index will be discussed under the
tertiary control layer subsection. The consensus index, if less
than 1, ensures reserve power will generally be available which
can be used to overcome disturbances. The reserve power can
be expressed as:

Pdg:Pava*AP (4)

here, Pgz and P,, are generated output power and available
power, respectively; and AP corresponds to reserve power
available for power dispatch during disturbances.

In primary control hierarchy, each VSG receives active and
reactive power references dispatched from secondary and ter-
tiary control layers (to be discussed in the next subsection) as:

Pref = Hsec—ref + PiTer—ref (5)
Qref = Qisec—ref + QiTer—ref (6)

B. Tertiary Control Layer

For this layer, parallel operating VSGs are equipped with
a consensus-based distributed algorithm for bi-directional in-
formation exchange among them. For bi-directional commu-
nication, graph theory is used. Detailed information regarding
the graph theory can be accessed at [31]. In the proposed
strategy, each DG exchanges its active and reactive power
information with its neighboring DG. The tertiary controller
varies references in each iteration while keeping notice of the
consensus index. Consensus indexes are o = % and 0 = =
for active and reactive power, respectively. Here, terms P* and

Q™ define available active and reactive power while terms P
and () denote output active and reactive power from each DG.
The iteration process of formulating new references is carried
out using the following expression

RTer—ref(k + 1) = Pz(k) + ,OZ —li7j04j(k) (73.)
j=1

Qiterret(k+1) = Qi(k) + 0> —1i;8;(k)  (7b)
j=1

here, P;(k) and Q;(k) are active and reactive power of i‘"
VSG during previous iteration; term Pirerref(k + 1) and
QiTer-ref (k + 1) represent new active and reactive references;
l;; represents the weightage between neighbouring DGs;
a;(k) and B;(k) are active and reactive power consensus
indexes. When « and § of all the DGs converge to a common
value, the consensus is reached. At this point, if the consensus
index converges to a value of 0.7, it means that all DGs are
generating 70% of their respective available power.

C. Influence of System Disturbances on the PCC Regulation

In order to fulfill active and reactive power demand at PCC
(bus 3 in Fig. 1), the following condition should be met:

P;CC:ZPGjizPLiiaOSS:PpCC (8&)

jeSE €S,
n n
Q}tcc = E QGj - E QLi - Qloss = Qpcc (8b)
jCSE iCSL
here, terms Pp.. and (). are active and reactive power

demand at PCC; terms with subscript GGj represent genera-
tion of j*" DG; subscript L; represents consumption of 7*"
load; Poss and Qoss are active and reactive power losses. If
Pyee = Pj. and Qpee = Q. it confirms that the demand of

pcc

PCC has been fulfilled. Observing (8a) and (8b) shows that,
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the satisfaction of Pyec = Py and Qpec = @ confirms that
load as well as losses have been fulfilled. Therefore, specific
information regarding load and losses in the system are not
required.

From (8a) and (8b) it can be observed that, apart from
losses, there are six apparent dynamic elements in the system
which can influence the steady-state of the PCC. For instance,
generation from DGs (Pg;) and/or Pp;, if varied, term Ppcc
will deviate from demand P]... This deviation will induce
error in demand management at PCC. The amplitude of the
induced error decides the intensity of rigidness at the PCC. For
instance, if output power variation from IRESs inflicts high
amplitude of error in demand management, the PCC is then
termed as less rigid. If the designed controller can suppress
oscillations in demand management, then rigidness of the PCC
is enhanced. Moreover, it can be observed in Fig. 1 (bus 3 near
the grid) that, the variations in parameters at PCC are directly
influencing secondary terminals of the substation transformer.
Power variation from high penetration of IRESs will cause
huge oscillations at PCC which consequently can inflict high
inrush currents and voltage oscillations. These disturbances
can overwhelm secondary terminals of the transformer. There-
fore, suppressing these oscillations is the main priority of the
proposed study.

III. THE PROPOSED h., CONTROL
A. Mathematical Model of the Plant

The main priority of the proposed control architecture is to
fulfill active and reactive power demand at PCC of ADN with
enhanced rigidness. For this reason, only secondary control
of the proposed strategy is highlighted in detail. In order to
satisfy (8a) and (8b), active and reactive power at PCC is
regulated through a controller. The generated references are
expressed as:

Psec—ref - Kp(P;CC - Ppcc); Qsec—ref = Kq (Q;CC - Qpcc)
©)

here, Psecrof and Qsecref are generated references broadcast
to each DG to satisfy the demand of the PCC. During the
steady-state condition, i.e., when (8a) and (8b) are satisfied,
then Pseerer and Qsecrer are equal to zero. Meanwhile, the
proportionate active and reactive power sharing among DGs
is handled by the tertiary control layer.

In the proposed study, an H., controller is derived to
enhance rigidness of parameters at PCC. The H,, control
problem formulation is given in Figs. 2. References generated
by the secondary control layer are broadcast to all DGs. Due to
page restrictions, only derivation for active power is proposed;
however, the same process is followed to derive the controller
for reactive power demand. The active power signal received
at each DG can be added to state equations of the DGs as:

Pi = —Pi/Ti + Psec—ref/Ti (10)

here, 7; represents the moment of virtual inertia of iy, VSG;
and P; is active power from ¢y, DG involved in the coor-
dination cluster. The proposed model will use a network of
four DGs, therefore 7 will be considered as 1 — 4 for each

_____________________________________________

Aggregated plant, P )

F;.Z

Fig. 2. Hyo control problem.

DG. Since, the active power from DGs at the primary control
layer follows the references dispatched from the secondary and
tertiary control layers, therefore, dynamics of primary control
of each DG are reflected in P; — Py. During the steady-state,
the term P, — Py is equivalent to P.¢ given in (6). After a
disturbance (either load variation, and/or, variation in output
power from DGs), an error emerges at the PCC of ADN
which creates an imbalance at (8a) and (8b). The demand
and supply error, if not controlled in a timely manner, will
influence voltage performance of the substation transformer.
Moreover, this error is also coupled with DGs through the
reference input signal which can further distort performance
of DGs and could possibly lead them towards instability. This
error is considered as an output regulating error which is fed
to controller for regulation. The output equation or measured
error at PCC is given by:

€pcc = PCC_P;(:C (1m)
From (8a), the power at PCC can be expressed as:

Pooe =P, —P1 =P, —P3 — P4 12)

here, for the sake of simplicity, losses are considered as part
of load Pr. By inserting (12) in (11), the new output equation
is written as:

epcc:PL*P1*P2*P3*P47P* (13)

pcc

here, epcc is the error between actual active power at PCC
and the demand. The objective of the proposed controller is
to minimize ey to zero. Input (10) and output (13) state-space
model of the proposed plant can be compared to generalized
input and output state-space equations to extract the corre-
sponding state, input, output and feed-forward matrices. The
generalized state-space model can be expressed as:

T = Ax + Biw + Bou
y=Cx+ Diw+ Dou

(14)
15)

here, & is the input state equation equivalent to (10), and y is
the output equation which is equated to e for the proposed
application; u is the control signal which is equivalent to
Pyecref in our application; w is the exogenous input which,
according to our plant, holds three separate exogenous inputs
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such that w = [w; wy ws3|T and can be represented by w =
[APerror P Plee]™. Where, Peyor is the error in the measured
error signal, Pp, is the load demand within the ADN, and P

pcc
is the power demand at PCC. Each of the aforementioned

parameters and their role in controlling the plant are illustrated
in Figs. 2. By comparing (10) with (14), and, (13) with (15),
the corresponding matrices of the system are derived as:

~1/m1 0 0 0 0 0
_| 0 1m0 0 100
A=1 9 0 —1/3 0 »Bi=1o o
0 0 0 —1/n 0 0
1/7’1 -1
_ |1/ T_ |—1 _
B, = 1 ,CT=| ||, Di=01 —1], Dy=0
1/7’4 -1

Corresponding input and output equations of the proposed
system can be represented by a general notation as:

[ A|B B
p{c Dy DQ]

The H control problem is derived by reducing the norm
of the closed loop transfer function of the linear fractional
transformation (LFT) of T:w from @ to Z. Where, @ and 2
represent overall exogenous inputs and regulated outputs, re-
spectively. The closed loop LFT and corresponding controller
is represented by:

F] :P{w}7 u=K=xyg
0] U

here, P is aggregated plant that includes all parameters in
Fig. 2 excluding controller, i,e., K. To obtain a sub-optimal

solution of the LFT, norm of the closed loop system should
be less than a constant value such that

17 (P, Kl <

(16)

a7

To present the proposed model according to (16), equations
according to Fig. 2 are presented as:

- Al B B
5= s+ G = | Pt

here, term w; is the noise in measurement of the error signal
while ( is the extra controlling parameter to vary the intensity
of noise. For the application proposed in this study, the value
of ¢ is chosen to be 0.8 which shows that 80% of the noise
signal is influencing the output error measurement. The overall
output of the plant yields:

} m +Cw (18)

[ Al0 B B ]|"™

Regulated outputs of the aggregated plant are given by:

21 =Wp g, 20 =0u (20)

Constant ¢ is the extra parameter to restrict/enhance the
effect of control signal. For the proposed model, the value
of o is chosen to be 2.5 which demonstrates an intense
control signal application for the plant. In (20), Wr is the

weighting function used to penalize DC values of error at
PCC. Moreover, weighting function (Wp) is also used as a
tool to further suppress fluctuations in error [32]. The general
form of W is expressed as:

_ | Ar | Br
we =[5 ]

here, terms Ap, Br, Cr, and Dy are calculated through hit
and trial method and the best values are chosen according to
the optimum value of ~y. The best values of the Wy are the
ones at lowest obtained . The optimum values of Ar, Bp,
Cp, and Dp are —0.65, 1, 0.675 , and 0.5, respectively. The
aggregated output of the plant is the input to the weighting
function (Wr). The regulated output including the filter yields:

A 0 0 By Bs w1
BFC AF BFC BFD1 BFD2 w
DFC CF ‘ (DF DFD1 DFD2 u

2n

21 = (22)

After combining (18)—(22), the aggregated plant model can
be concatenated as:

A 0] o0 B B,
~ BrC Ap | B¢ BgpD; BpDs
P=|"DrC Cr|(Dr DprD; DpDs (23)
0 0| o 0 o

C 0 ¢ D, D,

B. hoo Controller Derivation

At this point, the proposed concatenated plant model (23)
can be used to derive H, controller that minimizes H,,-norm
of closed-loop transfer function (7:4) of the proposed system.
In other words, the main motivation of the H., controller
synthesis is to propose a controller that minimizes influence
of exogenous inputs (w) on regulated outputs (2) of the
concatenated plant model [33]. Here, it is pertinent to mention
that, the H., control is a sub-optimal solution, therefore, the
controller is designed in such a manner that the H.,-norm of
LFT of the concatenated plant model and the controller is less
than predefined v = 2. To find a sub-optimal H, controller,
the peak singular value across all frequencies should be less
than the pre-defined value of . This scenario can be expressed
by:

17 (P, K)o = maxa(F (P, K)(jw)) 24)

For this agenda, MATLAB command hinfsyn is used to
derive the required sub-optimal H, controller. The hinfsyn
command searches for a controller using the closed-loop sys-
tem which has a peak singular value across all the frequencies.
In other words, the hinfsyn command derives an H, controller
that minimizes the influence of exogenous inputs (w) and
control input (u) on the plant while simultaneously regulating
output () and regulated outputs (2) as expressed in (16). If the
hinfsyn command returns a controller with a degree equal to
the original plant model and the closed-loop gain is less than
the pre-defined <, then the closed-loop system is considered
to be internally stable [34]. Using the hinfsyn command, the
transfer function of the newly derived H, controller is found
to be of degree 5.
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Using the newly extracted controller model, H,,-norm of
the designed closed-loop model is 1.70 which is less than the
predefined limit of v = 2. This analysis confirms that, the
proposed controller meets design requirements of minimizing
the norm of the closed-loop system and it makes the overall
system internally stable [35]. The derived controller is strictly
proper; however, such a high-order controller cannot be used
for the proposed application. For this reason, nearby poles and
zeros are canceled to reduce the order of the controller. The
controller is reduced to:

32.827
Ko = (s + 69.93)

1) Rigidness Evaluation of the PCC

Sensitivity of parameters of PCC, followed by a disturbance,
can be termed as rigidness of parameters. Since, the main
motivation of the proposed H,, controller is to minimize the
error between injected active and reactive power compared to
demand reference communicated by the transmission system
operator (TSO). Therefore, the H,, norm of the close-loop
transfer function including the newly derived controller can
provide sufficient information regarding the gain that describes
rigidness of the PCC. The H,, norm including the original
controller is 1.70. Similarly, the H,, norm of the closed-
loop transfer function after including the reduced controller
is 1.74. On the other hand, rigidness gain of the PCC for
the conventional proportional controller as presented in [3] is
above 6.6. This validates that the proposed controller highly
minimizes the gain of the system and consequently improves
rigidness of the PCC. Moreover, the above analysis also
validates that, the performance of the reduced controller is
almost similar to the original controller in terms of enhancing
the rigidness of the PCC.

(25)

C. Eigenvalues Analysis

As established in the previous section, the closed-loop
system is internally stable if there exists an H, controller that
successfully minimizes the norm of the closed-loop transfer
function (17) to a smaller value (typically less than 2).
However, the eigenvalue analysis is necessary to evaluate
the convergence speed of the system to reach steady-state
condition after a transient. Putting v = Ky __ *y in (14) yields
the closed-loop state model as:

T = (A + BZKHOCC)x + Blw + B2KHOOD1U}
+ Bo Ky, Quwy

The above state model is used to calculate closed-loop norm
of the designed system such that

ITewll = [D1D2] + C(sI = (A + BoKpr, . C) ™) [B1Bo]|
<7 27)

(26)

Restricting the H.,-norm of the closed-loop system less
than pre-specified v ensures minimum overshoot; however,
this does not provide information regarding the transient phase
time when the system is under the influence of disturbances.
To analyze transient phase time, we introduce a virtual element
in (14) such that

INew = (A + 5I)£C + Biw + B> (28)

here, term § is greater than zero and it is the supposed element
that shows a shift in eigenvalues of the state matrix; and
I is the identity matrix. With newly introduced ¢, the new
controller, i.e., Ky _ New, should also reduce the closed-loop
norm such that

||TszewH - H[DlDQ] + C(SI - (A + BQKHOONewO
+6I)_1)[BlBQHI < INew

At this point, if we consider the new controller (K x_ New)
for the original state model (14), it can be observed that
A+ By x K NewC has all eigenvalues with real parts less
than —¢§. From this analysis, it can be deduced that the new
controller ensures that the convergent speed of the real system
remains faster than e %%,

It is pertinent to validate that, the H,,-norm of the closed-
loop system using the new controller (Ky_ New) is bounded
by less than ~new. The eigenvalues of the original plant
(P) has the nearest eigenvalue to the origin at —0.4. If the
newly introduced term (J) is greater than 0.4, it will shift
the nearest eigenvalue towards the right half plane. Therefore,
only (0 < § < 0.4) will be considered for further analysis.
The H.,-norm after introducing ¢ using the plant (Ps) is
calculated for different values of §. At § = 0.39, H,, norm
is calculated as 3 while the norm reduces up to 1.74 as §
is reduced to zero. On the contrary, if § > 0.4, the H,
norm reaches infinite value because the nearest eigenvalue
shifts to right half plane. Using newly introduced J and the
newly derived controller (K New), the norm of the closed-
loop system can be expressed as ||T.uNewl||co Which is less
than the norm of original system ||7%.,|- (using the same
(Kn_ New)) for 6 < 0.4. Satisfaction of (29) confirms that
overshoot and transient phase time are satisfied. Moreover,
for 0 > 0.4, the convergence speed of the system is too slow
to retain its stable position after a disturbance. In other words,
for an eigenvalue shift of § < 0.4, the closed-loop system will
retain its convergence speed faster than e~%¢.

(29)

IV. NUMERICAL SIMULATION RESULTS

The practicality of the proposed coordination control strat-
egy is validated in MATLAB/SIMULINK software using the
IEEE 13-bus test system provided in Fig. 1. The PCC of
ADN is connected to a transmission line network (TLN)
with 20 km line distance in order to weaken rigidness of
PCC. Practically, longer distances increase line impedance
hence weakening grid strength. Moreover, converter-interfaced
IRESs are connected to high R/X ratio lines in order to realize
a more realistic LV ADN. In addition, the reactive power
capacity of each DG is chosen to be 32.25% of nominal active
power capacity. It is obvious that, the maximum reactive power
can only be supplied by DG when active power generation
is less than nominal capacity, i.e., Qnom = 0.3225 % Spom
where Qnom = vV/Snom — Ppg. Further details of the proposed
system are given in Table II.

Simulation starts with active power coordination activated
at t = 0 s. Also, the PCC demand at the beginning is kept at
—60 kW and —5 kVar. The negative sign shows that the ADN
is feeding the grid. A constant power load of Pr; = 50 kW



FAHAD et al.: IMPROVING POWER RESPONSE OF SINGLE-CONTROLLABLE VSG-BASED ACTIVE DISTRIBUTION NETWORK

109

TABLE 11
SYSTEM PARAMETERS

Parameters VSG1 VSG2 VSG3 VSG4
Active Power Capacity (kW) 60 50 65 75
Reactive Power Capacity (kVar) 19.35 16.125 20.96 24.1875
Moment of Inertia (J) 3.65 3.03 4.7466 5.3247
Damping Coefficient (D) 80 60 100 120

Active Power Droop Constant (K,) 821.63e~° 985.96e~° 758.4042¢ 5 657.3e 5
Reactive Power Droop Constant (Kg)  1.6082e~3 1.9299¢ 3 1.4847e3 1.2866e 3
LPF Time Constant, 7 (s) 0.01 0.01 0.01 0.01
Reactive Power Inertia Constant, (K)  1/15 1/12 1/18 1/22
Virtual Resistance, (Ry) 0.1 0.1 0.1 0.1Q
Virtual Inductance, (L) 3 mH 3 mH 3 mH 3 mH
Feeder Line Impedance, Z; 0.20724 4 j0.06908  0.41448 + j0.06908  0.27632 4 j0.06908  0.3454 + j0.06908
R/X ratio of feeder, (R;/ X)) 3 6 4 5

& Q1 = 10 kVar is attached to bus 1 and P2 = 40 kW &
Q1.2 = 10 kVar is connected to bus 5 of the ADN. The PCC
active power demand is increased to —90 kW att =2s. Att =
4 s, the reactive power demand at PCC is changed to +5 kVar.
Att = 5.5 s, reactive power coordination is activated. A plug
and play load of PL3 = 30 kW & Qs = 10 kVar is attached
to bus 1 of ADN at ¢t = 7 s. To test rigidness of PCC against
disturbances, a bulk load variation scenario is demonstrated in
TLN at t = 9 s.

A. PCC Rigidness Enhancement

PCC is considered to be rigid if its parameters, such as
voltage, active and reactive power, exhibit lower overshoots
across the reference demand after a disturbance. For this
reason, the aforementioned parameters are simulated to val-
idate performance of the proposed strategy. Results of PQ
management at PCC are given in Figs. 3-5. Moreover, to
confirm the superiority of the proposed method, a comparison
with conventional control, proposed in [3], is also provided in
Figs. 3-5.

During start of simulation, it can be observed in Figs. 3—4
that, the active and reactive power at PCC using the proposed
method allows lower overshoots as compared to the conven-
tional method. A significant reduction in percentage overshoot
is observed during initial transient at active power regula-
tion. This confirms that the H.,-norm reduction successfully
minimizes overshoot during disturbances. In the beginning
of simulation, reactive power regulation in Fig. 4 observed
almost a similar peak in the conventional and the proposed
method. However, after the first peak passed, the proposed
method regulates the reactive power with smaller second peak
as compared to the conventional method. Since, response of
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Fig. 3. Active power management at PCC of ADN.

reactive power is related with voltage response, therefore,
voltage (per unit) behavior in Fig. 5 shows a similar behavior
in the beginning of simulation. However, the proposed method
allows the system to reach steady state with lower peak
oscillations. Voltage peaks at PCC in Fig. 5 validate that
the proposed method enhances rigidness at PCC. To further
test rigidness of the parameters, the active power demand at
PCC is changed to —90 kW at ¢t = 2 s and reactive power
demand is changed to +5 kVar at ¢ = 4 s. It can be observed
in Figs. 3-5 that, the proposed method successfully fulfills
the new active and reactive power demands with minimum
peak overshoot. On the other hand, the conventional method
experiences significant oscillations.
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For analyzing the influence of disturbances within ADN, a
plug and play load is attached at ¢ = 7 s of the simulation.
Figs. 3-5 shows that the proposed method outperforms the
conventional method by mitigating peak oscillations inflicted
by load variations. Moreover, unlike conventional method,
there is no second peak emerging in the proposed method.
Finally at t = 9 s, a disturbance in the TLN is inflicted to
test its influence on the performance of PCC. In Figs. 3-5
it can be observed that, high peak oscillations experienced
by the conventional method can be severely dangerous for
the overall system equipment. It should be recalled that, due
to coupling of PCC with the DGs through uni-directional
broadcast communication, these oscillations will influence the
power generation performance of the DGs as well as the sub-
station transformer. It can be concluded from the results that,
the proposed method successfully mitigates these oscillations.
This analysis confirms that the proposed method offers higher
damping against disturbances as compared to the conventional
method. More importantly in practical scenarios, due to high
penetration of IRESs, the substation transformer is already
overwhelmed with unconsumed power which significantly
raises voltage at PCC. For this reason, a rigid voltage at PCC
is an essential feature for power systems with high penetration
of IRESs.

B. Response of Multiple Operating Converters

In Figs. 6-7, the response of a distant DG (from the
substation transformer) with lowest power rating is illustrated.
Since, a distant DG has sensitive reactive power-voltage (Q-V)
relation, therefore, comparing reactive power response of DG2
(which is lowest rating converter) can be more convenient in
understanding the influence of the proposed method. Also, the
main assessment here is based on maximum active and reactive
power drawn by converters during disturbances. As power
electronics converters have limited capacity, therefore, larger
peaks can overload the converters and consequently damage
switches of power electronics converters.

During initialization of the simulation, as obvious from
Fig. 6, the converter using the proposed control scheme expe-
riences a significantly lower overshoot as well as minimum
oscillations as compared to the conventional method. This
shows that enhancing the rigidness of parameters at PCC
can also lead to better performance of power electronics
converters. Moreover, lower oscillations and low amplitude
peaks for reactive power response in Fig. 7 also validates
the superior performance using the proposed control strategy.

The same results also validate the superiority of the proposed
method during disturbances such as PCC active power demand
fluctuation at ¢ = 2 s, PCC reactive power demand variation
at t = 4 s, load demand variation at ¢t = 7 s, and bulk load
variation in TLN at ¢ = 9 s.

In order to extend the analysis, results of the coordination
between power electronics converters for the conventional
method and the proposed H, controller are also presented in
Figs. 8 and 9. In these figures, the operation of tertiary control
layer is shown where the convergence towards proportionate
active and reactive power sharing is analyzed and compared
for the conventional and proposed control strategy. Both
strategies successfully converge to optimal coordination of all
the power electronics converters; however, the proposed H .,
controller is superior in reaching convergence with minimum
oscillations after each disturbance. After each disturbance, in
Fig. 8, active powers of all converters for the conventional
control strategy experience huge oscillations before converg-
ing to proportionate active power sharing. These oscillations
could practically overwhelm converters switches and lead to
severe consequences for costly equipment. On the contrary,
the proposed controller significantly suppresses active power
oscillations. Moreover, reactive power coordination in Fig. 9
also shows that the proposed strategy offers fewer oscillations
while converging to proportional reactive power generation.

C. Influence on the Performance of Frequency

The influence of the proposed strategy on the performance
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of frequency of the system is illustrated in Fig. 10. As evident
from Fig. 10 at ¢t = 2 s, 4 s, 55 s, 7 s, and 9 s, the pro-
posed H, control offers rigid frequency performance towards
demand fluctuation at PCC as compared to the conventional
method. For any disturbance, the frequency in conventional
method experiences greater peak amplitudes which are highly
suppressed by the proposed control strategy. Especially, a
significant difference can be observed when the PCC demand
is abruptly changed at ¢ = 2 s and 4 s. At this time, the conven-
tional control strategy experiences significant oscillations in
frequency. While for the same amount of demand fluctuation,
the proposed H,, control strategy significantly suppresses
oscillations. At ¢t = 7 s, a plug and play load of P53 = 30 kW
& Qr3 = 10 kVar is attached near the PCC. At this point,
the conventional control experiences slightly higher peaks of
oscillations as compared to the proposed proposed H, control
strategy. However, this difference will be stretched if the load
demand varies in greater magnitude. For instance, at ¢t =
9 s, a load variation of high amplitude is demonstrated in the
TLN which causes frequency oscillations of high amplitude for
the conventional control strategy. However, in Fig. 10, rigid
active power management at PCC offered by the proposed H
controller timely suppresses frequency oscillations. The above
analysis clearly shows that the proposed strategy significantly
overcomes the shortcomings of the conventional control strat-

cgy.

Frequency deviation comparison

D. Testing the Scalability of the Proposed Method

To further validate its practicality, the proposed method
is implemented on an IEEE 34-bus test system given in
Fig. 11. In this figure, nodes in green show idle buses while
nodes in blue represent points where DGs are connected. The
communication link for bi-directional information exchange is
represented as light blue lines while uni-directional broadcast
communication is represented by red lines. Further details of
the IEEE 34-bus system are given in [29]. Results of the
proposed method are given in Figs. 12—14. In Fig. 12, active
and reactive power management is smoothly handled using
the proposed method as evidence by the response towards
disturbances at t = 2 s, and 3 s. In conclusion, implementing
the proposed method on a large scale system validates scala-
bility of the proposed method however, the location of DGs
according to its size is a matter of optimal power flow study.

By expanding the scale of the system, the impact of
information delay (due to longer communication lines) can-
not be ignored. With expansion of the size of the system
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communication delays or data packet loss will hinder the
performance of broadcast information. However, as reported
by [36], combination of wired and wireless broadcast com-
munication infrastructure can fulfill PCC deviation communi-
cation requirements for a network of hundreds of DGs which
is enough for application of ADN. Therefore, the proposed
strategy is tested by introducing a communication delay at
premises of each DG. Since, the PCC demand management
is fulfilled by response of DGs, therefore, delay in the arrival
of reference can inflict a realistic scenario. In active power
broadcast, a delay of 0.1 s, 0.13 s, 0.16 s and 0.19 s is
introduced at DG1, DG2, DG3, and DG4, respectively. The
effect of these delays can be witnessed in Fig. 14(a) att = 3 s.
The proposed method experiences slight oscillations, however,
active power generations converge to steady-state condition.
Similarly, for reactive power broadcast, a delay of 0.1 s, 0.05 s,
0.05 s and 0.05 s is introduced at DG1, DG2, DG3, and
DG4, respectively. Here, delay introduces oscillations due to
the direct relation of voltage and reactive power generation.
Hence, until reactive power reaches steady state condition,
voltage at the nearby PCC will keep oscillating. For this
reason, delay in reactive power broadcast is kept small to lower
the impact on the voltage profile of the nearby PCC of each
DG. It is understandable that, longer delays in reactive power
reference broadcast can severely degrade the voltage profile at
the nearby nodes. The shortcoming of voltage collapse due
to longer delays is a matter of future research. Moreover,
installation of DGs at a longer distance may increase line

impedance between local PCC of the respective DG and
the substation transformer. Such situation increases reactive
power to voltage sensitivity of the DG as shown in Fig. 13.
Compared to a DG located near the substation, the DG located
far from the substation will generate/absorb more reactive
power for a voltage variation. This situation is a matter of
optimal allocation and sizing of DGs rather than an issue
in scalability of the proposed control strategy. For optimal
sizing and allocation of DGs, several optimization methods are
reported in [37]. This analysis concludes the proposed method
is flexible towards scalability, overcomes severe delay issues
in active power broadcast signals, and minor delay issues in
reactive power broadcast signals.

V. CONCLUSION

This study has presented a new perspective for analyzing
rigidness of parameters of high voltage PCC of an ADN. A
complete aggregated plant model is derived that includes the
exogenous inputs and regulated outputs. Moreover, an H,
controller is derived to reduce the H,,-norm of the closed
loop system. This analysis have led the quantification of
the gain of the rigidness of PCC. The proposed method is
tested on a generic IEEE 13-bus test system and IEEE 34-bus
distribution system. Also, results have confirmed that using the
proposed method, the enhancement of rigidness of the PCC
also improves the performance of frequency of the system and
convergence response of active and reactive power from coor-
dinated converter-interfaced DGs. Furthermore, an eigenvalue
analysis was also presented that elaborated the convergence
speed situation of the closed-loop model. Finally, the obtained
results confirmed the superiority of the proposed method in
terms of suppressing overshoot of active and reactive power
management at high voltage PCC, as well as local power
regulation of each DG.
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