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Single-Controllable Active Distribution Network
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Abstract—Over the past decade, PQ regulation schemes for a
single-controllable active distribution network (ADN) using coordi-
nation among a network of virtual synchronous generators (VSGs)
have been proposed. However, considering the variable nature of
intermittent renewable energy sources (IRESs), coupling a cluster
of IRESs with the point of common coupling (PCC) of ADN could
inflict transient issues for the power management of the whole
ADN. To counter these challenges, the proposed study has three
main objectives: 1) To propose a modified mathematical model that
represents the apparent resistance-reactance at the PCC of ADN in
relation to the PQ coordination among the network of VSGs; 2) to
utilize the proposed model for deriving a & synthesis-based robust
controller that overcomes the uncertainty in the moment of inertia
response of all the VSGs; 3) and to present the stability and perfor-
mance analysis of the proposed controller validated under model
uncertainty. Validation of the proposed method and its comparison
to the state-of-the-art methods in MATLAB/Simulink environment
confirms that the proposed method significantly minimizes the
impact of disturbances on the power management of the whole
ADN.

Index Terms—p-synthesis, hierarchical control, networked
virtual synchronous generator (VSG) control, robust control,
single-controllable active distribution networks (ADNSs).

I. INTRODUCTION

N THEpast decade, the power systems have witnessed a
Itremendous rise in integration of intermittent renewable
energy sources (IRESs) into the power systems. As per the
global status report 2021 in [1], a total of 243 GW of photo-
voltaic generators and 77 GW of wind turbine generators
(WTGs)-based new power plants were installed around the
globe in the year 2022. Integrating IRESs on such a large scale
can enable distributed power management systems throughout
the power systems in the upcoming years. As a consequence,
distributed power management systems could overcome
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problems with conventional power systems that are fully
centralized in nature. Moreover, the distributed energy resources
(DERs) can subdue the need of long transmission lines thus
mitigating huge losses. However, replacing the conventional
synchronous generators (SGs) with converter-interfaced DERs
can introduce power quality challenges for the power systems.
These challenges include voltage rise issues due to reverse
power flow, no/low inertial response, and unconsumed power
from maximum power point tracking (MPPT) enabled DERs.
Solving these challenges may require a more innovative
approach towards designing new control strategies that could
tackle the aforementioned challenges. For this purpose, the
proposed study presents a new approach to overcome the
influence of generation from the IRESs on the point of common
coupling (PCC) of active distribution networks (ADNSs).

The aforementioned challenges can greatly be overcome by
introducing coordination among DERSs. For this purpose, it is
pertinent to operate the DERs without MPPT module. In this
manner, DERs will produce power according to the desired de-
mand reference from the distribution system operator (DSO) [2].
Coordination among non-MPPT operated DERs can unlock var-
ious power management and optimization features for ADNs [3].

A rising concern in the modern power systems is the lack of in-
ertial response due to IRESs. The progressive rise in the penetra-
tion levels of IRESs is replacing the SGs-based generation. The
IRESs lacks the massive rotating rotor which is the key inertia el-
ement of conventional power systems. By replacing the SGs with
converter-interfaced IRESs, the inertia constant of the overall
power systems is declining. With the high penetration of IRESs,
the power systems will experience the frequency nadir in shorter
time period as compared to SGs oriented power systems. Also,
lower inertia constant increases the rate of change of frequency
(RoCoF) which could lead to frequent tripping of protection
relays even for minor disturbances [4]. The moment of inertia of
a SG is constant due to its physical nature, while in VSG-based
system the virtual inertia parameter is tuned to a fixed value.
However, the virtual inertia performance is dependent upon
the available energy. In case enough energy is not available to
overcome the impact of a disturbance, the virtual synchronous
generator (VSG) will not be able to supply the intended virtual
inertia according to the control design. Therefore, even if the
virtual inertia term is tuned to a fixed value, the IRES may not
supply the intended virtual inertia due to its intermittent nature.

Furthermore, recent studies have proposed to control the
PCC of ADNSs through constant active and reactive power (PQ)
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injection/consumption to/from the grid, respectively. The de-
mand at PCC is fulfilled by the PQ generation from DERs.
The PQ regulation at PCC of ADNs mimics the behavior of
constant power load (CPL) [5]. It is commonly known that
the CPLs experience the negative incremental impedance effect
(NIIE) which exhibits a nonlinear relation between voltage and
current. This nonlinearity will risk the stability of the PCC
parameters when major disturbances occur such as high vari-
ation in PCC demand or load, and, fluctuation in output power
from DERs.

Moreover, the PQ demand at PCC is normally dispatched
to the DERs through unidirectional broadcast communication.
This method couples the PCC to the DERs. The PCC of ADN,
if coupled with the IRESs, the NIIE can be intensified. The
generation or load variations in the system will introduce spikes
in the PQ regulation at PCC of ADN. Moreover, the synthetic
moment of inertia of IRESs will also influence the PQ regulation
at PCC because the amount of time the DERs take to respond to
the changes in the system will influence the PQ demand at PCC.
For this purpose, it is pertinent that the controller used for PCC
regulation should be robust against uncertainties in moment of
inertia of IRESs.

The aforementioned problems are prominent reasons of re-
duction of rigidness of parameters at PCC of ADN. For a dis-
tributed power management system, satisfactory performance
of voltage and current parameters at each PCC will aid to the
overall performance of the power systems. Taking this scenario
as a base, the regulation of PCC parameters satisfied by coordi-
nated PQ generation from non-MPPT operated DERs within an
ADN can unlock various optimization and energy management
opportunities for distributed power management systems.

A. Literature Review

The base of the proposed study is to enhance the rigidness
of parameters at the PCC of ADN. However, the proposed
study considers the simultaneous satisfaction of two objec-
tives. One is achieving satisfactory performance of the PQ
coordination among DERs while simultaneously regulating the
PCC demand. It is necessary to emphasize on the difference
between the proposed hierarchical control architecture and the
conventional voltage and frequency (V//f) restoration-based
hierarchical control methods for microgrids [6]. The proposed
method involves grid connected system where only regulation
of apparent resistance and reactance (RX) at PCC of ADN is
focused while V/ f restoration methods are mainly applied to
islanded microgrids [7], [8]. Therefore, comparing the proposed
method with the conventional hierarchical control methods for
frequency/voltage restoration stands irrelevant.

From the perspective of parameters regulation at PCC, several
coordination control strategies have been presented in the litera-
ture. For instance, in [9], an energy management system (EMS)
is presented for a distributed power management scheme of a mi-
crogrid comprising of PV, battery energy storage system (BESS),
and a proton-exchange membrane fuel cell. This strategy suc-
cessfully implements coordination among converter-interfaced
sources; however, the simultaneous regulation of parameters at
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PCC of microgrid is ignored. The authors in [10], [11], [12],
and [13] have proposed different EMS techniques to utilize the
BESS for suppressing the influence of intermittent power from
IRESs. These techniques successfully inject constant power to
the grid; however, they lack coordination among DERs. It is
pertinent to recall here that, the proposed method considers the
simultaneous implementation of coordination among DERs and
the parameters regulation at PCC of ADN. In [14], the authors
presented a power quality enhancement approach through EMS
technique. However, this method strictly relies on a converter
directly interfaced to the PCC of the ADN.

In[14], apower management strategy that enhances the power
quality of the overall system was presented. Nevertheless, to
successfully implement this strategy, a converter is required to
be directly connected to the PCC.

The authors in [15] and [16] attempted to implement coordi-
nation among IRESs using distributed control techniques. These
distributed control strategies only considered active power man-
agement while it is commonly known that the voltage regulation
can be deteriorated if reactive power management is ignored.

Some of the studies in [17], [18], and [19] proposed coordi-
nation control strategies by using parallel operating VSGs. Al-
though, these strategies focused on coordination among VSGs;
however, the regulation of the PCC of ADN was not considered.
On the contrary, the authors in [20] presented the PCC regu-
lation strategy; nonetheless, coordination among VSGs is not
considered.

A few studies proposed simultaneous implementation of PCC
regulation and coordination among DERs. For instance, the
authors in [21] presented a coordination control scheme for a
cluster of grid feeding converters and simultaneously regulating
the PCC of ADN as a constant PQ node. Clearly, the use of grid
feeding converters deteriorate the inertial response of the power
systems. Moreover, the reactive power from DERs is utilized
to achieve voltage balancing. However, voltage balancing is
achieved at the cost of disproportionate reactive power sharing
among DERs which ultimately leads to poor power factor for
distant DERs from the substation. To subdue the aforementioned
shortcomings, the authors in [3], [5], and [22] proposed propor-
tionate sharing of active and reactive powers from grid forming
converters to regulate the PCC of ADN as a constant PQ node.
However, the authors in [23] reported a major challenge of
NIIE on the PCC parameters due to PQ regulation of ADN.
To counter the NIIE, the authors in [23] proposed a control
strategy to regulate the PCC of ADN as a constant apparent
RX node using coordination of parallel operating grid forming
converters. Although, this method performed satisfactorily in
terms of overcoming the NIIE; however, the parameters at PCC
of ADN still experiences serious oscillations during disturbances
such as power variation from IRESs, load variation, and/or
demand variation at PCC of ADN. In addition, this method did
not considered the element of uncertainty in the moment of the
inertia of IRESs. Oscillations in parameters confirm the lack of
rigidness at PCC of ADN. If the oscillations are not suppressed,
they can reduce the life expectancy of the substation transformer
as well as the DERs due to their limited power ratings based
converters.
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For the concerns mentioned above, the proposed study aims
to enhance the rigidness of the parameters at PCC of ADN
using p synthesis-based control technique. For this purpose, this
study presents an extension to the strategy proposed in [22]
and [23]. First, this study modifies the mathematical model
presented in [22], and utilizes the modified model to build a
concatenated plant model. The modified model considers the
dynamics of the parallel operating converters (all DERs) on
the demand management error at PCC of ADN. Second, a p
synthesis-based robust controller is derived that minimizes the
H ., norm of the closed-loop system considering the uncertain-
ties in moment of inertia of DERs. Third, it has been shown
that, the proposed concatenated plant is internally stable, and
robust against the uncertainty in moment of inertia from each
DER, and it enhances the rigidness of the PCC even against
severe disturbances. Finally, to confirm the superiority of the
proposed model, a comparison with the state of the art methods
is presented. The major contributions of the proposed study are
enlisted as follows.

1) To extend the idea proposed in [22], this study modifies
the mathematical model of PQ regulation at PCC for the
application of apparent RX demand regulation at PCC of
ADN. Superior to PQ regulation strategy, this extended
mathematical representation allows robust apparent RX
demand regulation at PCC, consequently, enhancing the
rigidness of overall parameters at PCC of ADN.

2) Using the extended model, this study then derives a p
synthesis-based controller which is robust against the
uncertainties in moment of inertia from DERs and it
successfully minimizes the H.,-norm of the closed-loop
concatenated plant model.

3) Finally, the stability and performance analysis of the
extended plant model in closed-loop with the derived
controller is presented. Furthermore, a detailed compara-
tive analysis of the proposed method with state-of-the-art
methods [5], [22], [23] is presented to confirm the superi-
ority of the proposed robust controller.

The rest of this article is organized as follows. Section II re-
views the basic preliminaries of the hierarchical control structure
proposed for this method. The mathematical modeling for the
proposed method is given in Section III. Results and discussion
is given in Section IV. Finally, Section V concludes this article.

II. PRELIMINARIES OF THE HIERARCHICAL CONTROL
STRUCTURE

This study proposes a modification in the secondary control
of the hierarchical control strategy presented in [22] and [23].
However, the role of the primary and secondary control layer
in the hierarchical control architecture cannot be disregarded.
Moreover, the influence of the dynamics of the ADN on the
PCC regulation also needs detailed analysis. Therefore, for the
sake of clarity, the primary and tertiary control structures, along
with the influence of the dynamics of the ADN on the PCC
regulation are introduced in the subsections below.

IEEE SYSTEMS JOURNAL, VOL. 18, NO. 2, JUNE 2024
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Fig. 1. Test system to validate the proposed hierarchical control strategy.

A. Primary Control Layer

The proposed hierarchical control strategy is validated on the
test system given in Fig. 1. It can be observed from this figure
that, the ADN is being energized by several VSG controlled
DERs that operat without MPPT device. The VSG control uses
the swing equation to mimic the behavior of a SG. The electro-
mechanical equation and the excitation control used by the VSG
in the proposed study can be expressed as

dewys
vangsg dt g == Pref - Pe — D(stg — wg) (l)

dE
Kinema (Qref stg) + K (|V | vsgb) (2)

Here, Jysg, Wysgs Wy, and, Kipertia 18 the moment of virtual inertia,
virtual mechanical shaft’s angular frequency, grid’s angular fre-
quency, and the excitation controller’s virtual inertia constant,
respectively; Prer), Py, and Eref represents the virtual mechani-
cal power, electrical power of the VSG, and reference voltage of
the converter-interface, respectively; the terms D, K, and, Qyse
denotes the virtual damping, reactive power droop constant, and
reactive power of VSG, respectively.

The term Jysg = 2HLS§S‘sg in (1) is dependent upon the ap-
parent power (Syg) of the VSG which is not fixed due to the
intermittent nature of the IRESs. Therefore, this study considers
the impact of uncertainty in the virtual moment of inertia on the
PCC of ADN. Differentiated by the control strategy used for
the DERs, the overall inertia including the virtual inertia from
DERs can be expressed by

N ng S,
DERi
Hsys: § Hgg; * +§ Hpggr; *
i=1 Sys i=1 SyS
SBESSz
E Hpggss; * 3)
Ssys

Here, the subscript "i” represents the ith term; Sg;, Speris

Sgess; denotes the apparent power of SG, DER, and BESS,
respectively; the inertia constant of SG, DER, and the BESS
is represented by Hsg;, Hperi, HpEss:, respectively. Although,
the virtual inertia constant of the individual VSG can retain
the overall power system’s inertia, however, the proposed study
utilizes coordination of a cluster of VSGs. In this manner, the
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virtual inertia from VSG controlled DERs is provided by the
whole cluster rather than an individual DER. In the proposed
study, the primary control layer (1)—(2) of each DER receives
active and reactive power reference from the secondary and
tertiary control layers as

]Dref = Ijisec—ref + PiTer—ref; Qref = Qisec—ref + QiTer—ref- (4)

Here, the terms Pjsc_ref, and Pirer—ref denotes the active power
references dispatched from the secondary and tertiary control
layers, respectively; the terms Qsec—ref and QiTer—re represents
the reactive power references dispatched from the secondary and
tertiary control layer.

B. Tertiary Control Layer

As already discussed in the previous section, the proposed
method uses a cluster of non-MPPT operated DERs. However,
DERs without MPPT requires proper instructions for active and
reactive power dispatch. For this purpose, the proposed study
uses consensus-based distributed control algorithm where each
DER will exchange information with the neighboring DER. The
bidirectional information exchange is achieved through graph
theory. Using the consensus-based distributed control algorithm,
a proportionate active and reactive power sharing among DERs
can be achieved. The distributed controller will vary the active
and reactive power references at each iteration using the equation
given by [24]

Prter—ret(k +1) = Py(k) + p Y ~lijo;(k),  (5a)
=1

Qiter—ret(k +1) = Qi(k) + o> _ —1;;B;(k)  (5b)
j=1

where P; (k) is the active power and Q; (k) is the reactive power
of ith DER, respectively, during current iteration; Pirer—rer(k +
1) is the active power and Qter—rer(k + 1) is the reactive power
of ith DER, respectively, during the next iteration.

Consensus indexes for the active and reactive powers is given
by a = % and 8 = %, respectively. Here, P* and (Q* denotes
the available active and reactive power while the P and @
represents the output active and reactive power from respective
DER. A consensus is considered to be reached, if the index of
all the DERs converge a common value.

C. System Dynamics and PCC Regulation

The main priority of the proposed strategy is to regulate the
PCC of ADN as a constant apparent RX node with an enhanced
rigidness property. The apparent impedance demand at PCC of
ADN can only be fulfilled if the following expression is satisfied:

v n n
pcc . . . .
7 = § Gy — § 1Li — Noss = tm- (6)

ref ]ESE iGSL

Here, the voltage at PCC is given by wvp.; the apparent
impedance demand reference at the PCC is given by Z;.

Eq. (6) can be used to extract dg components of the voltage
and current. For instance, the term vq_pc. can be extracted from
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Upee. Similarly, from Z;, R; can be taken to extract the d-axis

reference current at PCC. In this manner, the term vg—pec /Ry =

iy pee- 1IN addition, X[; from Z can be used to calculate
the g-axis reference current such that vg—pec/ Xyt = 7 pec- The

terms R;; and X are the demand references for the apparent
resistance and reactance at PCC of ADN. In (6), the current
generation from the jth DER, <th load current consumption,
and losses (from i°R) are represented by 1Gj»> Lis and djogs,
respectively. In the same equation, ip. is the current injec-
tion/consumption (depending on the sign convention) at PCC in
dg-axis frame. If v pec / Rioy = d—pec A0 Vg_pec/ X op = Tq—pecs
this condition shows that the apparent RX demand at PCC is
satisfied. In other words, the apparent RX demand at PCC will
be fulfilled by the cluster of DERs and BESS, if i = tq—pec
and ig_ oo = lg—pec-

From (6) it can be observed that, there are three dynamic
elements that will influence the apparent RX demand satisfac-
tion. The system disturbances, such as power variation from
IRESs (which also influences its moment of inertia response,
load demand consumption variation, and apparent RX demand
variation required by the DSO/TSO, will introduce an error in the
apparent RX demand regulation at PCC such that g # d—pec
and iy, 7# ig—pec until the new error in the demand is reduced
to zero. In response to the disturbances, the amplitude of error
introduced in the apparent RX regulation and the time taken
the error to reduce to zero shows the rigidness of the PCC. To
conclude, if the PCC experiences larger oscillations, then the

PCC is termed as less rigid and vice versa [22].

III. PROPOSED ROBUST CONTROL APPROACH

A. Apparent RX Regulation At PCC

In the proposed strategy, apparent RX regulation at PCC of
ADN is considered. The prime concern of the proposed robust
control strategy is to enhance the rigidness of the apparent RX
regulation at PCC. As per dg-frame parameters, the instanta-
neous active and reactive power at PCC can be expressed as

Ppcc = 1~5Udfpccioifpcc§ Qpcc = _1-5vd7pcciq7pcc- @)

Here, vq_pee, td—pee> and iq_pec denote the d-axis voltage
at PCC, d-axis current at PCC, and g-axis current at PCC,
respectively. According to ohm’s law, 44 _pec and 74_pec can be
written as

Yd—pec = Ud—PCC/Rrefv ZZ—pcc = Ud—pCC/Xref' (3)

*

Here, ig_ ... and i;_,. are the dg-frame reference currents cal-
culated using the apparent resistance (I2;,;) and reactance (X ;)
demand values. As discussed in the previous section, the steady-
state condition shows that iz—pcc = id_pcc and Z.:;fpcc = fg_pcc-
Considering the steady-state condition and using (8), 4q—pcc and
tg—pce in (7) can be replaced and rearranged as

R= 1.51}37}“ / Prec

X= - 1'5v3—pcc/QPCC'

(9a)
(9b)
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Fig. 3. Block diagram of the secondary control.

Here, (9a) and (9b) represent the apparent resistance and
reactance at the PCC of ADN, respectively. Eq. (9a) and (9b) can
be used by the TSO/DSO to calculate the apparent RX demand at
PCC of ADN [23]. The apparent RX demand values can be used
to produce dg-frame reference currents as given in (8). Using
these reference values, the PCC of ADN can be controlled using
an appropriate controller such that

(10)
an

AZ.(Jl—pcc = (Kpl)(i:;_pcc - Z'cl—pcc)
AZ.Q*PCC = (KPQ)(izfpcc - il]*PCC)'

Here, K1 and K5 are the required controllers to regulate the
PCC of ADN. Furthermore, the output of the controller (Fig. 3)
can be multiplied by the d-axis voltage at PCC to calculate the
reference active and reactive power. The new expression is given
as

Pigecret = AZ.d—pcc * Vd—pee; Qiscc—ret = AZ'q—pcc * Ud—pee-
(12)
Here, Pjsec_ref and Q;sec—_ref are the reference active and reactive
powers dispatched to each DER.

IEEE SYSTEMS JOURNAL, VOL. 18, NO. 2, JUNE 2024

B. Proposed p-Synthesis

It is pertinent that, the controller given in (10) and (11) should
be optimal and robust against the dynamics of the ADN. For this
purpose, this subsection models the dynamics of the proposed
system in order to design a concatenated plant model. The
concatenated plant model can then be used to derive a robust
controller that minimizes the H.-norm of the closed-loop plant
model even for uncertain conditions. To avoid redundancy, this
study only considers the apparent R regulation, however, the
same method can be used for apparent X regulation. Since,
the secondary controller output is dispatched to the cluster of
DERs, therefore, the generation from DERs can be considered
as coupled to the secondary controller. Using the reference from
secondary control layer, the dynamics of four DERs and a BESS
(as per Fig. 1) in the proposed cluster can be expressed as [22]

Py= — Pi/m1 + Piecret/T1 (13a)
Py = — Po/Ts + Precret/ T2 (13b)
Py = — P3/73 + Precref/ T3, (13¢)
Py = — Py/74 + Pacret/Ts (13d)
Psess = — Paess/ s + Piecret/Ts. (13e)

Here, 7 denotes the moment of virtual inertia for each DER
(T1-5); Psec—rer 18 the active power dispatched from secondary
control layer; and P; — P5 is the active power from respec-
tive DERs. Following a disturbance, i.e., demand fluctuation at
PCC/load variation within or outside ADN/active and reactive
power variation from DERs, an error will emerge in (10) and
(11). If the controller does not respond in a timely manner, the
PCC will experience huge oscillations that may inflict negative
consequences for the life of nearby equipment. In addition,
the error induces new value for Pt Which is dispatched
to each DER as a reference to follow. Hence, the active and
reactive power regulation at each DER will be influenced by the
oscillations faced by the PCC. The error at PCC can be expressed
as

€pcc = Z‘oifpcc - iZ—pcc' (14)
From (6), the d-axis current at PCC can be expressed as
td—pec = 1 — 1 — %2 — 3 — %4 — IBESS- (15)

The currents in terms of state variables (active power) from each
DER can be written as

1

m(PL — P, — P, — Py — Py — Pggss).
(16)
Here, 1/1.5V;_pc. is considered as e for the sake of simplicity.
By inserting (16) in (14), the new expression for error can be

written as

epec = €% (P, — P1 — Py — P3 — Py — PBEss) — ig_pec-
a7
Eq. (17) represents the error at apparent RX demand at PCC.
The prime objective of this study is to regulate this error to zero
with minimum overshoot and oscillations. For this purpose, the

idfpcc =
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proposed state equations (13a)—(13e) and output equation (17)
can be used to establish a concatenated plant model. Generally,
the input and output equations of a system in a state-space model
can be expressed as

= Ax + Biw + Bou;y = Cx 4+ Dyw + Dau. (18)

Here, according to the proposed application, (13a)-(13e) is
equivalent to the state input &; and e, is equivalent to the
output equation y; u is equivalent to the control signal Py ref
which is calculated by multiplying the output of controller with
Vd—pec: the exogenous inputs (w) is given by w = [w1 wa ws)
which according to our model is w = [Adgror Pr Z.prcc}' Here,
the error in the measured error signal is denoted by Aieyor as
shown in Fig. 25. The role of the aforementioned entities in the
design loops can be observed in the plant model illustrated in
Fig. 2. As a result of comparison between the proposed models
and the generalized models, the obtained matrices can be written
as

—1/7 0 0 0
0 -1/ O 0
A=1| 0 0 -—1/r3 0
0 0 0 —1/m
0 0 0 0 —1/m
_0 0 1/7’1
O 0 1/7'2
31: 00 732: 1/7-3 5D2:07
00 1/74
00 1/7s

C = [fe —€ —€ —€ fe],Dlz[e 76}.

By and D; has only two components because the exogenous
input due to error in measured signal (Adeg,) is not involved
at this point and will be considered eventually in the next step.
Considering the concatenation of the input and output equations,
a general matrix representation can be expressed as

_[A|B B
P‘[CDlp]'

To derive the p synthesis-based controller, the linear fractional
transformation (LFT) model is arranged as

Hdtl}

Here, the main objective of the controller should be to minimize
the impact of exogenous inputs (w) on the regulated outputs
(2) of the concatenated plant model. In (19), the term P is the
concatenated plant model. Moreover, the corresponding input
signal in terms of a controller and the output is given by u =
K, *y.

As per Fig. 2, the measured error signal is influenced by the
exogenous input (inaccuracy of the sensing device) as

N A| B B
yepcﬁaul{c D, Dz]mﬂwl. (20)

Here, the term w; is the exogenous input due to the inaccuracy in
the measured error while the term p is used to tune the intensity

(19)
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of the inaccuracy. With the newly added exogenous input, the
output equation becomes

_ [A|lo B, B ||™
Y=1CT¢ D D,

21

The regulated outputs shown in Fig. 2 of the proposed plant
model can be written as

z1 =Wp*y, 20 =o0u. (22)

Here, o is the intensity controlling parameter of the input signal.
A weighting function (W) is used to penalize the dc values of
the output error signal. The term (Wy) gives extra flexibility in
controlling the error signal. For the proposed model in Fig. 2,
the generalized (W) is given by

| Ap | Br
WF—[—'—CF DF]

From (22), it can be observed that, the output of the weighting
function is considered to be the new output of the error. There-
fore, the regulated output after including the weighting function
(W) is rewritten as

A 0 0 Bl B2 w1

BFC AF BFC BFD1 BFD2 w
DFO CF|<DF DFD1 DFD2 u

(23)

. (24)

zZ1 =

To derive the final concatenated plant model, (20)—(24) are
combined as

A 0] o0 B, Bs
BpC Ap | Bp( BrDy BpD,
P= | DpC Cp|(Dr DpDi DpD, |, (25
0 0] 0 0 o

C 0 ¢ Dy Do

At this point, P holds all the entities of the system given in
Fig. 2 except the controller. The proposed p synthesis-based
controller should be such that it minimizes the H.,-norm of the
closed-loop LFT model. The p-synthesis problem is considered
as suboptimal. Therefore, the norm of the closed-loop system, if
minimized less than v = 2, then the solution will be considered
as suboptimal. The minimization of the H,,-norm of the LFT
can be represented as ||.Z (P, K)|| < 7.

C. p-Synthesis Based Controller Derivation

The 1 synthesis-based controller can be exploited to minimize
the H..-norm of the LFT model given as ||.7 (P, K)||o < 7.
For this purpose, MATLAB command “musyn” is used which
yields a controller that minimizes the H,-norm of the closed-
loop transfer function (19). Provided the right dimensions of
the concatenated plant model, and uncertainty percentage of the
moment of inertia of DERs and BESS, the MATLAB command
“musyn” yields a 16° transfer function of the newly derived
controller.

The transfer function of a 16° controller makes it highly
complex to be implemented physically. Controllers with higher
degrees will require more sensors to perform in a physical world.
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Fig. 4. Primary control layer.

Therefore, the controller is reduced using model order reduction.
For this purpose, MATLAB command “minreal” is used to
reduce the order of the controller. The reduced order is given
as
210.53
K, = m (26)
The derived controller implementation in the proposed model
is shown in the block diagram of the secondary controller, i.e.,
Fig. 3. The primary control layer receives active and reactive
power references from the secondary and tertiary control layer as
shown in Fig. 4. Each stage of the proposed hierarchical control
strategy is described in Fig. 6. From Fig. 7, it can be observed
that, the frequency response of the original controller (16° size)
and the reduced controller is almost similar. This confirms that
the reduced controller has similar attributes as the ones found in
the original controller.

D. Considering Uncertainty, Nominal Stability, and
Performance

For the proposed concatenated plant model, +10% uncer-
tainty is considered for the values in 71 — 75. For a single
VSG, £10% uncertainty may not have a significant impact on
the overall power system, however, for the whole coordinating
cluster, ==10% uncertainty in moment of inertia of each VSG will
have a prominent impact. The modeled uncertainty is inserted
in the concatenated plant model as an upper linear fractional
transformation. The uncertainty is represented by a A as shown
in Fig. 5. To test the system under disturbances, the exogenous
inputs (w) to the plant model are considered. The suboptimal
controller solution should be such that the peak singular values
of the closed-loop system are less than the pre-defined v which
is typically kept at 2. This can be expressed as

|7 (P, K)o = mgxﬁ(«?(P,K)(jW)) <7v. @7

As shown in Fig. 8, the peak singular values of the closed-loop
plant are less than two for all the frequencies and considering
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Fig. 6.  Flowchart of the proposed strategy.

uncertainties, therefore, the performance of the controller is
confirmed to be satisfactory. As a suboptimal solution is acquired
through a controller that minimizes the H.,, —norm of the
closed-loop system, this confirms that the system is internally
stable under all the considered uncertainties using the derived p
controller.
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IV. NUMERICAL SIMULATION RESULTS

The proposed test system given in Fig. 1 is validated in MAT-
LAB/Simulink environment. The ADN in this figure is connected
toa TLN so that the cluster of DERs is also aware of the dynamics
of the TLN. The proposed ADN system is energized by four
VSG controlled DERs and a BESS making the total capacity
of the ADN to be 220 kVA. However, the BESS does not take
part in active power sharing. In order to demonstrate a practical
LV distribution network, the DERs are connected to high R/X
ratio lines, i.e., above 2 [25]. The PQ coupling between VSGs is
overcome using virtual impedance technique. Further detailed
parameters of the proposed system are given in Table 1. The
power transformer of the substation is rated at 100 kW in order
to demonstrate overwhelming power injection situation.

The simulation is tested for various case studies. For instance,
in the beginning of the simulation (at ¢ = 0 s), the active power
coordination is intact while the reactive power coordination is
not active. At this point, the power injection to the grid is accord-
ing to the demand Ry = —7.254 and X; = —29.01. Eq. (9a)
and (9b) can be used to calculate the required RX references
according to the active and reactive power needs. The reac-
tive power coordination among DERs is activated at £ = 1.5 s.
For all the methods simulated in the upcoming sections, the
active and reactive power convergence speed constant for all the
DERs is kept at &« = 1eb and 5 = 1e5, respectively. A constant
power load of Pro =40 m and @z = 10 kVAR is attached
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TABLE I
SYSTEM PARAMETERS UTILIZED FROM [22]
Parameters VSG1 VSG2 VSG3 VSG4
Active power capacity (kW) 50 40 55 65
Reactive power capacity (kVAR) 16 12.5 17.5 20.296
Moment of inertia (J) 3.03 1.622 3.5696 4.7466
Damping coefficient (D) 80 60 100 120
Active power droop (K)) 985.96¢7°  1232.45¢7°  894.9¢7°  758.4042¢7°
Reactive power droop (Kq) 1.945¢73  2.4896e73  1.778¢73 1.532¢73
LPF time constant, 7(s) 0.01 0.01 0.01 0.01
Reactive power inertia, (K) 1/15 1/12 1/18 1/22
Virtual resistance, (Ry) 0.1Q 0.1Q 0.1Q 0.1Q
Virtual inductance, (L) 3mH 3mH 3mH 3mH
Feeder R/X ratio, (R;/X;) 3 6 4 5
«10%* Active Power Regulation at PCC of ADN
=
— 0 .
(]
2
<
o 10
2 ——PQ_[5] ——PQHinf_[22]
Q
< 5 ——RX__[23] =——RXMu__Proposed 1
0.5 1 1.5 2 2.5 3 3.5
Time (s)

Fig. 9. Active power management at PCC of ADN.

to bus 6 while another plug and play load of Pr3 = 30 kW
and Q1.3 = 10 kVAR is connected to the bus 3. For the sake
of comparison, the state-of-the-art controllers are mentioned
as: PQ regulation at PCC (from [5]) is denoted as PQ; RX
regulation at PCC (from [23]) is denoted as RX; and Hj,¢ based
controller (from [22]) regulation at PCC is denoted as PQHinf.
The proposed controller is denoted as RXMu.

A. Strengthening the Rigidness of PCC

If the management at PCC is carried in such a manner that
the controller allows minimum magnitude of peak and least
oscillations for the parameters under control, such as active
power/reactive power/voltage, then the PCC is considered to
be rigid. On the other hand, higher peaks and oscillations
across the PCC shows lack of rigidness. Therefore, comparing
between the state-of-the-art methods and the proposed method,
the method that offers least oscillations and peak magnitude will
be considered the most rigid technique.

Since, the active power, reactive power, and voltage at PCC
can show how flexible or rigid the response at the PCC is,
therefore, the results in terms of the aforementioned parameters
are illustrated in Figs. 9 and 11. In Fig. 9, the active power
injection at PCC is illustrated. At ¢ = 0s, the PCC demand
is Ryy = —7.254 and X, = —29.01 which constitutes to an
active power of approximately —20 kW and reactive power of
—5 kVAR, respectively. From this figure it can be observed
that, the transient during the initialization of the simulation is
significantly larger for the PQ and RX method. The active power
overshoot peak for PQ method is the worst performing followed
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Fig. 11.  Voltage assessment at PCC of ADN.

by RX method. On the other hand, the proposed controller, i.e.,
RXMu, significantly suppresses the overshoot compared and
is almost performing similar to the PQHinf method. However,
using the proposed method, the second peak observed in the
same figure is far smaller in magnitude as compared to all
the other methods. Furthermore at ¢t = 3 s, the PCC demand
is increased by reducing the reference apparent resistance value
to Rl = —1.442. At this point, the PCC active power injection
is increased to —100 kW which is fulfilled by all the state-of-
the-art techniques within one second. However, the PQ and RX
methods allow several overshoots and undershoots before reach-
ing the steady-state condition. The PQHinf method performs
better than PQ and RX method in minimizing the overshoot and
undershoots. However, the proposed RXMu method performs
significantly superior by keeping the power overshoot minimum
and requiring least amount of time to reach the steady-state
condition compared to state-of-the-art methods.

Moreover, the reactive power injection at the beginning of
the simulation can be observed in Fig. 10. In this figure,
the state-of-the-art methods experience huge oscillations after
t = 0 s which indicates the vulnerability of the voltage deviation
for larger disturbances. On the contrary, using the proposed
technique it can be observed that the reactive power response
allows minimum oscillations and settles down at the steady-state
condition shortly after the undershoot. Here, the superiority
between the proposed technique and the state-of-the-art tech-
niques is obvious. At ¢t = 4.5 s, the reactive power demand is
increased by reducing the value of reference apparent reactance
to X = —4.835. At this point, the proposed technique again
outclass the old techniques by transitioning to a new reactive
power injection value with minimum overshoot. The influence
of the reactive power can be vividly understood by observing
the response of the voltage at PCC as shown in Fig. 11. In
this figure, the oscillations and peak overshoots/undershoots
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Fig. 13.  g-axis current at PCC of ADN.

at transients clearly indicate the lack of rigidness of the PCC
under state-of-the-art techniques. On the contrary, the proposed
method clearly outperforms the previously proposed methods by
not only minimizing the oscillations but also reducing the peak
overshoots/undershoots as well. The above analysis shows that,
the proposed method greatly enhances the damping of oscilla-
tions at PCC of ADN thus improving the rigidness of the PCC. It
is recalled that, reducing the oscillations and overshoots at PCC
can greatly reduce the stress on the substation transformer and
enhance the life expectancy of expensive equipment.

B. Influence of Uncertain Load Variation

In theory, the PCC of ADN should be rigid enough to handle
huge load variations. For this purpose, this subsection tests the
proposed strategy under the 60% (for a 100 kW substation trans-
former) load variation and 40 kW of PCC reference variation
based case study. In this manner, the influence of load variation
along with variation of power at PCC can be tested on the PCC
of ADN. For this case study, the PCC currents are simulated
in Figs. 12 and 13. These figures already illustrate a better
transient response for the proposed strategy during the start
of simulation. Whereas, the rest of the methods experience
comparatively higher oscillations which is an indication of poor
performance as compared to the proposed method. However,
the proposed method allows the first undershoot peak similar to
PQHinf method while the PQ and RX methods perform worse
than the proposed method and PQHinf method. Nevertheless, the
proposed RXMu method still smoothly converge to the steady-
state condition while the rest of the methods allow a signifi-
cant overshoot before converging to the steady-state condition.
Similar to the reactive power response in the previous section,
the response of current under the state-of-the-art methods also
experience significant oscillations as compared to the proposed
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Fig. 14.  Active power consensus index: (a) RXmode proportional controller;

(b) RXmode PI controller; (¢) PQmode; (d) RXmode with Proposed Mu-
Synthesis Controller.

technique which smoothly converges to the steady-state condi-
tion after the second peak. In Fig. 13, it can be observed that,
not only the undershoot response is improved using the proposed
method, but also the reactive power converges to the steady-state
without further overshoots. On the contrary, the state-of-the-art
methods experience significant overshoots before converging
to the steady-state. Here, even minor deviations should not
be underestimated as these values are according to the kW
magnitude.

Since, the load variation changes the active and reactive power
generation from DERSs as well, therefore, the coordination con-
trol among DERs need to be observed as well. Since, this study
used consensus based distributed control strategy, therefore,
the consensus index for active and reactive power under all
the demonstrated strategies is presented in Figs. 14 and 15.
In Fig. 14(a)-14(b), it can be observed that at t = 3 s, the PQ
and RX methods allow significant oscillations before settling
down to a new consensus index value. While the PQHinf method
comparatively minimizes the oscillations up to some extent. On
the contrary, the consensus index of the proposed method in
Fig. 14(d) allows a comparatively smoother transition towards
a new consensus index. From this figure it can be observed
that the proposed method offers significant improvement over
the PQ and RX methods while slight improvement over the
PQHinf method. The smooth transition towards a new consensus
index is an important trait as the power-electronics converters
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have limited capacities. Huge oscillations during transients can
overwhelm the power-electronics switches and thus reducing
the life expectancy of the power electronics converters. Simi-
larly, the response of consensus index for the reactive power
demand variation is demonstrated in Fig. 15(a)—(d). A huge over-
shoot/undershoot can be observed at t = 3 s of Fig. 15(a)-15(b)
while comparatively lower oscillations for Fig. 15(c). On the
other hand in Fig. 15(d), the proposed strategy allows a smooth
convergence towards a new consensus index with minimum
overshoots.

C. Response of the Farthest DER and Frequency Deviation

It is well established that, the DERs located far away from
the substation transformer will have more voltage to reactive
power sensitivity as compared to the DER located near the
substation transformer. Therefore, this subsection will compare
the active and reactive power response of farthest located DER
in order to demonstrate sensitive testing conditions for the
proposed strategy. In the proposed test system, the DER2 is
erected at longest distance from the substation transformer. The
active and reactive power of DER2 are illustrated in Figs. 16
and 17. From these figures it can be observed that, the PQ and
RX techniques allow huge oscillations in active and reactive
power of DERs during transient right after ¢t = 0 s. This can
be severely expensive for the power electronics converters due
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Fig. 18.  Effect of demand fluctuations at PCC on the frequency deviation.

to their limited current carrying capacity. If the converter is
already operated close to maximum rating then these oscillations
can overwhelm the switches during transients. For instance, at
t =3 s in Fig. 16, the active power increase in PCC demand
has caused severe oscillations when PQ and RX methods are
applied. However, using the PQHinf method, the oscillations
are damped compared to the PQ and RX method. Nevertheless,
using the proposed RXMu method, these oscillation are signif-
icantly suppressed and the new steady-state generation point is
achieved with a smoother transition as compared to the other
demonstrated methods. Similar behavior can be observed for
reactive power generation variation in Fig. 17 as well. Here,
as expected, the proposed RXMu strategy outperforms the other
methods in terms of suppressing the overshoots and undershoots
in power transition.

It is understandable that, with fluctuations in power, the fre-
quency of the system will also be influenced. Therefore, this sub-
section also illustrates the results of the frequency deviation and
RoCoF in Figs. 18 and 19. At ¢ = 0 s in Fig. 18, the frequency
oscillations for the PQ and RX method are an indication of lack
of rigidness at PCC. The power oscillations makes the frequency
nervous during disturbances. The PQHinf method experience
comparatively lower amplitude of peak in frequency deviation
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as compared to the PQ and RX method. On the contrary, the pro-
posed RXMu technique successfully minimizes the peak oscil-
lations. Although, the PQHinf has a minor frequency amplitude
difference with the proposed RXMu technique, nevertheless,
the proposed method outperforms PQHinf method by in terms
of smooth transition to steady-state condition. In addition, the
RoCoF in Fig. 19 also demonstrates a significant improvement
for the proposed method as compared to the state-of-the-art
methods. Itis pertinent to mention that, the grid codes for RoCoF
limit for several countries are generally kept at 2 for a 500 ms
time window [26]. Beyond 2, the RoCoF relays trigger the circuit
breaker to disconnect the DER. Therefore, the proposed method
greatly overcomes this undesired situation by using only the
control strategy and without upgrading expensive infrastructure.

V. CONCLUSION

This study proposes a p synthesis-based robust controller to
enhance the rigidness of the apparent RX demand regulation at
PCC of ADN. First, an extension of the mathematical model is
presented in terms of error in RX demand regulation at PCC
of ADN. Then, the extended mathematical model is utilized to
develop a concatenated plant model including the uncertainties
in the moment of inertia parameters. To minimize the H,,-norm
of the closed-loop system, a 1 synthesis-based robust controller
is derived. Moreover, it was validated through stability analysis
and performance analysis that using the proposed controller,
the closed-loop system remains stable under uncertainties in
moment of inertia of the whole cluster of DERs. Furthermore,
it was demonstrated through extensive simulations that, the
proposed method outperforms the state-of-the-art methods in
terms of suppressing the overshoots and undershoots at the PCC
of ADN. In this manner, it was confirmed that minimizing the
closed-loop gain of the proposed system can enhance the rigid-
ness of the PCC. Quantitatively, the PQ and apparent RX method
allows RoCoF beyond 2 Hz/s while the proposed method and the
PQHinf method restricts the RoCoF below the 2 Hz/s threshold.
However, the proposed offer superior frequency deviation and
RoCoF settling time compared to the state-of-the-art methods
which is an important trait for modern grid codes due to increas-
ing penetration levels of IRESs.

In terms of future work, this study suggests that the time delay
aspect of communication signals should be considered as an
uncertainty for deriving the closed-loop controller. The time-
delay aspect should be involved in derivation of the mathematical
model of the ADN.
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