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Low-inertia operation of small-scale power systems, such as a microgrid or a portion of a long feeder, requires
careful coordination of the controller performance of the constituting devices. This challenge is exacerbated in
microgrids serving the functionalities of a conventional synchronous-based generation unit while comprised of
smaller DERs operating mainly interfaced through power electronics converters. This paper builds on the idea
of set point modulation and proposes a two-level control strategy that aims to achieve superior performance at
the point of common coupling (PCC) of microgrids by combining a local control level with a distributed and
coordinated level. Several case studies on both AC and DC systems, the CIGRE low-voltage benchmark system
as the AC system and a test DC microgrid, validate the performance of the proposed approach. The real-world
applicability of the approach is established via a high-fidelity power hardware-in-the-loop (PHIL) experimental
setup and an application case study on grid frequency regulation. The proposed approach enables a microgrid

to participate in ancillary service provisions where speed and quality of regulation are critical.

1. Introduction

With the rapid decommissioning of larger conventional fossil fuel
based generation units around the world (specially coal), the trans-
mission system operators (TSO) face an imminent challenge to operate
the grid with minimal inertia [1]. The system frequency is expected
to deviate faster during imbalance events (such as loss of generation),
and there is an elevated risk of failure to maintain the frequency
within statutory limits, leading to significant increase in operational
costs [2]. This has necessitated the development of fast frequency
response services to ensure the restriction of frequency within accept-
able limits while allowing time for slower devices to be deployed [3].
The expected large-scale penetration of controllable distributed energy
resources (DER) within the distribution networks in the near future
presents the TSO with an opportunity to rely on a number of these
assets for the procurement and delivery of appropriate ancillary ser-
vices [4]. Many examples of utilization of DERs for ancillary service
provision can be found in literature: frequency control in [5], voltage
support in [6], power quality improvement in [7], power loss optimiza-
tion in [8], and coordination of capacity at the interface of distribution
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and transmission in [9]. However, the coordination and control of such
devices remain a challenge.

The fastest deployment of reserves is through decentralized control,
i.e., participating devices respond to deviations in frequency based
on local measurements [10,11]. Such approaches are also referred
to as uncoordinated approaches due to the fact that the settings of
participating devices are not updated online. However, smart devices
responding simultaneously to frequency deviations can cause frequency
oscillations and loss of load diversity [12]. Real-time or online control
for reserve activation is enabled through centralized and distributed
control approaches. The use of aggregated thermostatic, deferrable,
and flexible loads, such as commercial buildings and fleets of electric
vehicles, to follow a given power set point from TSO (centralized
control), usually at a point of common coupling (PCC) such as the
substation, is demonstrated in literature [13-15]. These control strate-
gies, however, assume a geographically restricted cluster of DERs, often
connected at one electrical node. An alternative approach for the con-
trol of geographically dispersed DERs in a microgrid is through market
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facilitators such as load aggregators or virtual power plants (VPP) [16—
19]. Distributed control approaches employing sparse communication
are preferred to ensure resiliency by avoiding single point of failure
and to ensure robustness under communications failures. Analysis of
communications requirements of a VPP can be found in [20]; a robust
design considering cyber attacks has been discussed in [21]. Real-time
control of DERs through a VPP is discussed in the literature; some do
not take participating DER output measurement as feedback [22], while
a few do consider the feedback for accurate set point tracking [23,24].

Due to the varied response characteristics of participating individual
DERs, the cumulative response at the PCC may exhibit poor dynamic
behaviour. This can be in the form of slow aggregated cumulative
response, oscillations representative of lightly damped response, or
unexpected overshoots. Coordinating the response characteristics of
individual DERs to improve the cumulative dynamic response during
frequency events is desirable, particularly for systems with low inertia.
Some studies have explored the composition of a VPP, i.e., the optimal
sizing and siting of DERs through analytical [25], numerical [26], and
heuristic [27] methods. The power allocation problem for varied appli-
cations (including VPPs) has been discussed, where the response speeds
of DERs are taken into design consideration [28,29]. This enables
effective utilization of participating DER characteristics to support set
point regulation. However, the limitations of such approaches include:
(i) the requirement of operational knowledge of the participating DERs,
(i) being an offline approach that does not take DER response as
feedback and therefore is only able to improve the speed of response
but not eliminate any other undesired dynamic behaviours, and (iii)
can be computationally expensive, which in turn limits the real-time
application of the approach.

Recognizing these gaps, this paper proposes an approach to ensure
dynamically robust set point regulation as a VPP. This paper builds
upon the set point modulation (SPM) approach proposed in [30-32].
The contributions of this paper are as follows:

+ A two-level coordinated SPM approach is proposed where the
individual response characteristics of participating DERs are har-
nessed to provide enhanced dynamic response at the PCC. The
approach does not rely on prior knowledge of the participat-
ing DERs and is capable of robust set point regulation in real
time, mitigating any undesired behaviour in dynamic response.
Furthermore, this approach is agnostic to the secondary-level
control strategy and specifically how the reference set points are
generated. Such effective control enables greater potential for
participation of DERs in ancillary service provision, presenting a
major benefit for DER owners and aggregators.

The proposed approach has been evaluated within representative
AC and DC networks independently, where the deployment of the
proposed control is anticipated in the future to support frequency
regulation in low-inertia power systems.

The real-world applicability of the proposed approach is demon-
strated by means of its validation using high-fidelity power
hardware-in-the-loop experimental setup at the Dynamic Power
Systems Laboratory at the University of Strathclyde. This verifies
the real-time operation of the proposed approach and its ability
to deal with nonidealities that can be encountered when deployed
in practice.

The remainder of the paper is organized as follows: the proposed
coordinated set point modulation approach is presented in Section 2.
The performance of the proposed approach is thoroughly evaluated by
its incorporation within a low-voltage AC distribution network and a
DC microgrid in Section 3. To appraise its technology readiness level
to bolster its feasibility for real-world adoption and roll-out, a power
hardware-in-the-loop (PHIL) experimental validation is undertaken in
Section 4. An application oriented case study demonstrating the po-
tential role of the proposed approach in grid frequency regulation
is presented in Section 5. Section 6 presents a directions for future
research by means of a discussion. Section 7 concludes the paper.
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Fig. 1. Sample microgrid/low voltage feeder network.

2. Coordinated set point modulation
2.1. Background

SPM refers to an approach that monitors the deviation of the system
response x(t) from its reference set point x,, and modulates the original
set point as

ro_
Xgp = Xgp + me(t) (€8]
where x;p is the modified set point, m is a design parameter reflecting
the impact of the set point modulation, and e(?) is the tracking error
calculated as

e(t) = Xep — x(1). (2)

The term set point here refers to the controlled variable. For a PI-based
controller, from a control theory point of view, this has an effect similar
to increasing the proportional gain to increase the controller speed
without the consequent deteriorating increase in overshoot. To further
improve the dynamic response of the system, i.e., to have a shorter
settling time and smaller overshoots, the tracking error is replaced by
a prediction of the dynamic trajectory of the error é,.q as:

x;p = Xgp + Mpreq () 3)

The concept of SPM for dynamic response improvement was first
proposed in [33]. Conventionally designed for improving the dynamic
response of an individual device, it has been proven effective in dy-
namic response improvement of DER as reported in [34] and that of
an electric drive in [35]. With the foreseen penetration of DERs in a
network, the incorporation of such an approach without coordination
leads to an inefficient operation of the system. Furthermore, the indi-
vidual DER improved response might not be in the global interest of
the network within which the DERs operate. This is the premise of the
proposed coordinated SPM approach as will be further detailed in the
following subsections.

2.2. Proposed approach

This section presents the proposed approach, implemented as a
two level control, in detail. Consider the sample network, representing
either a low voltage (LV) feeder or a microgrid, with N controllable
DERs (denoted by i = 1,2,...,N) as shown in Fig. 1. Representing
the sample network as a complex-weighted graph y = (v,.¢,), the
vertices v, = { Vi, Vy, ...,vN} are the DER interconnected buses and
edges ¢, C v, x v, represent their electrical interconnections. We
assume that M DERs, M C N, are contracted by a VPP to provide
ancillary services to the TSO through the PCC.

Given a disturbance within the network, P, is the total reserve
activation requested by the VPP from the M contracted DERs.
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2.2.1. Communications network

The communications network is represented by an undirected graph
0 = (v,.£,), where vertices v, = {v;,v,,...,vy } correspond to the M
vertices in y. The edges ¢, C v, xv,, represent communications links for
the exchange of data and are not necessarily the same as electrical con-
nections in y. The adjacency matrix for the communications network
under consideration can be represented as A = [a; nEe R"™" where a; ;
represents the connectivity of two DERs i and j. The element q;; = 1 if
DERs i and j exchange information via connected edge (v;,v;) € ¢, else
a;; = 0. The M DERs receive a set point from the VPP (can be observed
as virtual leader with index 0) and therefore, the pinning matrix can
be defined as G = diag[g;] € R™", where gain g; = 1 for a working
communications link.

2.2.2. Level I independent control

Level I control, also referred to as independent control, improves
the dynamic response of the individual DERs. With P,, as the requested
reserves from the participating DERs, the accumulated response can be
represented as

M
Py = z &iPig, ® 4
i=1

where p;,, represents the set point of the ith participating DER. Incor-
porating SPM for independent operation, the set point of the ith DER
is modified as

Pl (0 = Py, + 1] () ©)
where uiI is the modulation factor of level I control defined as

I _ ~
u; (1) =m; X ¢

o. (6)

This paper employs a linear predictor for prediction of error trajectory
due to its suitability for real-time implementation with minimum com-
putational effort and simple implementation. The error in power over
prediction horizon T}, q is

pred

8ipreaT0 + Tprea) = €i(tg) + r(to)Tpred )]
where r(t,) is the average rate of change calculated over past measure-
ments based on least squares error. To limit the buffer requirement for
real-time implementation, the measurement history is limited to one
data point (history term) equal to the prediction horizon, resulting in
the current value of ¢;(r) being equal to the average of the history term

and the predicted term:
éipred (T + Tpred) = 2¢,(ty) — e;(tg — Tpred) (8

In a change from conventional implementation of SPM, the error toler-
ance band is eliminated given DERs under consideration are interfaced
via power electronics. The tolerance band is traditionally implemented
when devices under consideration are susceptible to a frequent change
in set point.

2.2.3. Level II coordinated control

For the purpose of coordinated operation, the level I control is
complemented with a distributed implementation, i.e., information
from participating DERs is shared amongst each other. The objective
is to ensure fast and improved dynamic response at the PCC, where the
sum of the responses from participating DERs is observed, rather than
dynamically improved local response of the individual participating
DER. The set point of the ith DER is therefore modified as

PO =pig, +u] 0+l (1) ©

where u!! is the modulation factor of level II control:

i

M
ull(t) = m; z a;8; o (10)
j=Lj#i
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Table 1
Average time delays within Great Britain [39].
Bristol Manchester Newcastle Edinburgh
Distance to London 189.3km 335.3km 447.3km 638 km
Delay to London 4.341 ms 6.283 ms 6.073ms 11.451ms

where ejpred(t) is the predicted error of jth DER. Substituting and
rearranging, (9) can be represented as

L =p O+ul'® amn

2.3. Design and implementation considerations

2.3.1. Architectural flexibility

The proposed approach offers architectural flexibility in its imple-
mentation. For the objective at hand, i.e., to ensure improved dynamic
response at the PCC, the following three implementations are feasible:
(i) a centralized implementation with the proposed control incorpo-
rated within the VPP, (ii) a hierarchical implementation where there
is a central LV network controller or microgrid controller between the
VPP and participating DER (such as distributed energy resource man-
agement systems [DERMS]), or (iii) a fully distributed implementation
with DERs communicating with each other.

2.3.2. Communications

Analogous to many other distributed control approaches, the pro-
posed approach relies upon the existence of a suitable communication
network. Guidance on development of communications network for
distributed control can be found in [36], while guidance specifically
on wireless networks can be found in [37]. The performance of such a
control system is characterized by three main properties (i) timeliness,
(ii) availability, and (iii) accuracy of data [38]. Timeliness refers to
the time delays associated with communications among neighbouring
participants, the data availability refers to the efficient use of limited
communication bandwidth, and data accuracy refers to any cybersecu-
rity issues. The target application of the approach and its corresponding
design features cater for the three properties to a desired level to ensure
appropriate control as described below.

The proposed approach employs event-triggered communication
where the exchange of information is initiated when a correspond-
ing power regulation command is received from the aggregator. This
significantly reduces the requirement of continuous real-time commu-
nication. Additionally, with only one parameter exchange, the burden
on communications infrastructure remains low. The average inter-city
time delay within Great Britain is presented in Table 1. With time
delays between major cities in the order of milli-seconds, the delay
within a microgrid or an LV feeder is expected to be in the order
of micro-seconds. Finally, the proposed approach is robust to single
points of communication failure and resilient to complete communi-
cations failure, where the implementation would resort to the level I
implementation where

PO =p]_(O. a2
sp sp

2.3.3. Parameter selection

By implementation and design, the SPM approach is adaptive to
ensure that the parameter selection does not present a challenging
task. Two parameters for the control need selection, and the following
discussion presents practice adopted through theoretical analysis and
practical experience.

Scaling factor m. A detailed discussion on the impact of m on the
performance of an individual apparatus is presented in [34,40] com-
plemented by an analytical discussion in [33]. However, for the co-
ordinated approach, no further tuning is required. As long as the
decentralized implementation is satisfactory, the coordinated approach
will lead to satisfactory performance.
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Prediction horizon T, The choice of prediction method minimally
impacts the performance of the proposed approach, however a simpler
predictor is preferable for real-time applications due to computational
constraints. As for the prediction horizon, a heuristic rule of thumb that
yields best results is T,req = 10 X 27/w,, where o, is dominant system
natural frequency.

2.3.4. Stability

The incorporation of SPM approach within a control apparatus (such
as the DER) was shown not to impact the stability of the DER itself [33].
However, the SPM approach utilized was that of a block modulation,
where the sum of two consequent changes in set point is equal to zero.
The proposed approach employs modulation of set point based on the
linear extrapolation of error signal. Due to the discrete implementation
in real time, changes in set points for a step change in reference set
point can be represented as the summation of time shifted unit step
functions as

n
PO =ult—to)+ Y ku(t —1,) 13)
i=1
where k = mepq, ) is the time at which the step change in reference is
initiated, 1; is the representation of monotonically increasing sequence,
and n represents the number of set point changes. Eq. (13) in Laplace
domain is

efst,»

(14

n
1
P(s)=-+k
©) S+;S

Denoting the transfer function of the DER as H(s) and the measured
output real power as p,,(t), the Laplace transform can be represented as

P,(s) = H(s)P'(s) 15)
Following the final value theorem
tlirn Pm(t) = lil’l’(l) sP,(s)

= lin(l) sH(s)P'(s)

n
. 1 e i (16)
=1 H -
lim s (s)<s+k§ - )
n
—1; : —st;
_iimoH(S)ll—{%<l+k;e )

i=1

Therefore, for lim,_,, p,,(f) = 1, two necessary conditions arise:

limsH(s) =1
s—0
n
kY ei=0
i=1

The proposed SPM approach ensures the final set point to the DER is
equivalent to its reference set point. Therefore, the incorporation of the
proposed SPM approach within a DER does not impact the stability of
the DER as long as the DER is stable before the augmentation of the
SPM itself.

a7

3. Performance evaluation

The superior performance and applicability of the proposed coordi-
nated SPM control is demonstrated within a LVAC distribution network
and a DC microgrid. A DER in a microgrid can operate in grid-forming
mode [41] or in grid-following mode (PQ control mode [42]). Grid-
forming control modes are adopted to support islanded operation of
the microgrid, while the majority of the DERs connected to the power
grid operate in PQ control mode, controlling their real and reactive
power outputs. The performance of the proposed coordinated SPM is
therefore assessed for the following three scenarios within the context
of battery energy storage system (BESS) DER operating in PQ mode,
and participating within a VPP for ancillary service provision.
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+ Simultaneous set point Change: This event represents a request
of activation of reserves from a VPP distributed among the partici-
pating DER. The assumption is the request of activation is made at
the same time, and therefore referred to as a simultaneous change
in set point.

Staggered set point Change: This event is complementary to
the simultaneous change in set point where the activations are
separated in time, i.e., the activation requests are sent at different
points in time.

External Disturbance: This represents a scenario where the per-
formance of the control is assessed when the participating DER
are providing the requested reserves and the network is subject
to a transient.

To assist the performance evaluation of the proposed coordinated
SPM, three key indicators have been defined as:

+ Settling time: The time elapsed from when the signal of interest
x(t) digresses from within the defined error band e, subject to an
external disturbance or a step change in the reference set point,
to when x(¢) returns and remains within ¢ is referred to as the
settling time T, and represented as:

Tyer = argmin{Tgoe € R |V 1 > Ty -

upper lower
Xpand < X0 < Xpung'd

18

Overshoot: Defining the maximum excursion of x(f) subject to
an external disturbance or after a step change in the reference set
point as x,,x, the overshoot is

Xmax ~ Xsp

19

Xgp

Cumulative tracking error: The sum of the tracking errors at
every time step T, from the initiation of the external disturbance
or step change in reference to the time when the measured output
signal has settled (i.e., T.) is referred to as cumulative tracking
error (CTE) calculated as:

N
S, =

xsplk] = x[k] (20

where N = T /T,. A smaller S, corresponds to better perfor-
mance.

In the rest of this section, the performance of the proposed control
is assessed in comparison to a reference controller without SPM. To
further demonstrate the added value through the coordination, the
performance is also benchmarked against the independent (level I only)
implementation of SPM.

3.1. Low-voltage AC distribution network

The CIGRE Benchmark Systems for Network Integration of Renew-
able and Distributed Energy Resources is chosen as the test AC network,
a simplified diagram of which is shown in Fig. 2 [43]. The network
incorporates the important technical characteristics of public distri-
bution networks with respect to its structure, symmetry, substation
connection, protection, line types and earthing as detailed in [44]. The
network comprises of three feeders, residential, commercial, and indus-
trial, tapped from an on load tap changer with 5% regulation capacity
at the primary side of 20kV. The residential feeder is 0.4 kV overhead
line serving a suburban residential area with six buses accommodating
both single phase and three phase customers. The DERs at buses 1-4
are rated at 10 kW each representing a complementary storage installed
to maximize energy utilization from photovoltaics. The DER at bus
5 represents an electric vehicle charging station, rated at maximum
power of 30 kW (fast charging).
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Table 2
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Fig. 2. LVAC distribution network.

Key indicators for performance evaluation of proposed control within a LV distribution network.

Simultaneous set point change®

Staggered set point change”

External disturbance

No SPM Independent Coordinated No SPM Independent Coordinated No SPM Independent Coordinated

Xos Tse( Xos Tsel Xos Tser Xos Tse( Xos Tsel Xos Tsei Xdev Tset Xdev T:se& Xdev Tsel
DER1 2312 0.76 13.36 0.55 11.85 0.54 22,53 0.82 13.24 0.63 16.52 0.72 5.04 1.95 2.27 1.93 2.02 1.95
DER 2 61.12 0.54 49.20 0.46 35.83 0.45 56.56 0.78 46.53 0.67 23.13 0.75 6.35 0.92 3.10 0.68 2.67 1.32
DER 3 21.25 0.49 11.61 0.47 10.56 0.48 27.84 0.75 15.06 0.74 16.17 0.74 8.79 1.80 419 1.34 3.36 1.30
DER 4 19.56 0.51 17.52 0.43 18.34 0.43 25.43 0.75 16.31 0.74 11.33 0.74 6.56 1.60 3.19 1.29 1.54 1.04
DER 5 4798 0.47 40.61 0.45 25.62 0.45 42.41 078 37.49 0.75 19.37 0.75 7.34 0.92 3.53 0.49 1.71 1.60
PCC 1495 0.55 17.25 0.50 5.99 0.42 11.01 0.76 10.46 0.73 4.84 0.72 64.0 0.816 57.5 0.10 51.4 0.02

Xos 1S In %, Ty is in s.

os set

2Results presented for simultaneous step change from Opu to 0.1 pu.
bThe best performing step response results at PCC presented.

3.1.1. Simultaneous set point change

The performance for two changes in active power set point are
evaluated, step up from Opu to 0.1 pu at 7 = 0.5s and step down from
0.1pu to Opu at r = 2.5s. The individual responses of the DERs are
presented in Fig. 3(a) with the aggregated active power response at
PCC presented in Fig. 4(a). The key indicators to assess the performance
of the control have been presented in Table 2, with the error band
selected for the calculation of the settling time being 3%. As is evident,
with no SPM each of the individual DERs present a relatively high
overshoot with DER 2 exhibiting highest overshoot of 61%. Due to
varied responses of individual DER, the overshoot at the PCC is about
14.95%. When independent SPM is incorporated, the individual DER
response is improved in terms of both the overshoot and settling time,
however, the overshoot at the PCC increases by about 2.3%. With the
incorporation of coordinated control, the response of individual DERs
and the aggregated response at the PCC improves both in terms of
overshoot and settling time. The CTE over time for a simultaneous
step increase in reference active power set point is shown in Fig. 4(b)
which further reinforces the improvement in dynamics introduced by
the coordinated approach — a 100% improvement compared to inde-
pendent approach and 300% compared to conventional approach with
no SPM. Therefore, it can be said that a independent approach improves
local response of the individual DERs while a coordinated approach
ensures improved response at the PCC. From the perspective of a VPP,
the individual response of a DER is of less value but an improved
aggregated response with much tighter regulation in comparison to
reference commands is critical.

3.1.2. Staggered set point change

The response of the system when staggered set point changes are
issued to individual DER units has been analysed with the three control
approaches. The individual responses of the DER units to a step change
in reference active power from Opu to 0.1pu at + = 4.5s for DER
1, at t = 6.5s for DER 2 and DER 3 and a step change at t = 8.5s
for DER 4 and DER 5, are presented in Fig. 3(b) and the cumulative
response at PCC in Fig. 4(a) (4s-105s). The results presented in Table 2
clearly presents the advantage of the independent and coordinated ap-
proaches over the conventional approach, each presenting a minimum

improvement in overshoot of 10% and a moderate reduction in settling
time of the individual units. From Fig. 4(a) the distinctive improvement
in tighter power regulation at the PCC is evident, however, it must
be noted that DERs that do not receive a change in set point still
contribute to power regulation. This reflects the coordination, where
all the units work towards improved dynamic performance at the PCC.
The CTE for the three control approaches shown in Fig. 4(c) reveals
a reduction of the error close to 50% when the coordinated algorithm
is implemented in comparison with the independent approach for the
staggered operation.

3.1.3. External disturbance

Irrespective of the network condition, a strict power regulation is
expected by the VPP due to the fact that in most cases the services of
a VPP are requested for critical ancillary service provision. Therefore,
when subject to an external disturbance, the participating DERs of the
VPP are expected to continue the provision of the requested amount of
power; however, due to severity of the transient, the control of the DER
might struggle to ensure regulation at the set point. The connection of
the induction motor at the industrial feeder is the external disturbance
under consideration. As no step change in reference set point is issued,
the maximum deviation from the set point x4, is calculated as the key
indicator instead of the overshoot. The deviation in all the units can
be seen from Fig. 3(c), which is due to the change in voltage on the
feeder. The quantified deviations presented in Table 2 reveal that the
approach without SPM suffers from instantaneous deviations from the
set point of up to 87%. These deviations can be controlled to 50% with
the use of the independent control approach and a further 5-15% when
the coordinated control is implemented. These can also be observed in
a more general manner from Fig. 4(c), where the reduction in error is
significant.

3.2. DC microgrid

An LVDC network representative of last mile distribution network
interconnection as proposed in [45] and utilized in [46,47] has been
adapted for this study as in Fig. 5. The DC microgrid is interfaced
to an AC grid through a two-level voltage source converter (VSC).
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Fig. 3. Performance evaluation within a low-voltage AC distribution network —
individual DER response.

The VSC provides +0.375kV DC pole to pole voltage at PCC. The DC
microgrid supplies end users through dual active bridge converters with
four buses. The DERs at buses 1-4 are rated at 20 kW, 25kW, 15kW,
and 20 kW, respectively, each representing energy storage technology
(e.g., PV or Electric Vehicle)

For the DC microgrid, the same scenarios are considered, simul-
taneous step up and simultaneous step down are applied at t = 0.3s
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and ¢ = 0.32s, staggered set point change is applied at r = 0.35s, and
external disturbance is applied at ¢ = 0.43s. The individual responses of
the DERs along with the aggregated active power response at the PCC
are presented in Fig. 6. The associated key indicators are presented in
Table 3, with the error band selected for the calculation of the settling
time as 3%.

In the simultaneous set point change scenario, with no SPM, each
DER has relatively high overshoot, especially DER 3 with highest
overshoot of 133.5%. With the implementation of independent SPM,
the individual response of DERs is improved in terms of overshoot and
settling time, resulting in reduction of overshoot at PCC from 38.89%
to 0%. When the coordinated control is incorporated, similar reduction
in overshoot at PCC is achieved in addition to smaller CTE as shown in
Fig. 7, a 66.3% and 33.88% reduction compared to the cases without
SPM and with independent SPM respectively.

For the staggered change in set point, each DER unit receives a step
change request of O to their rated power — at t = 0.35s for DER 1, 1 =
0.37 s for DER 2, t = 0.39 s for DER 3, and ¢ = 0.41 s for DER 4 as shown
in Fig. 6. Compared to the same scenario without SPM, implemen-
tation of independent SPM and coordinated SPM yields 3.4%-50.4%



M. Syed et al.

Table 3
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Key indicators for performance evaluation of proposed control within a DC microgrid.

Simultaneous set point change®

Staggered set point change”

External disturbance

No SPM Decentralized Coordinated No SPM Decentralized Coordinated No SPM Decentralized Coordinated

Xos Tset Xos Tset Xos Tset Xos Tset Xos Tser Xos Tset Xdev Tsel Xdev T:set Xdev Tsel
DER1 69.35 123 19.5 2.8 0 3.5 10.25 83 6.8 5.6 6.2 5.6 150 209 80.55 17.2 63.65 17.5
DER 2 5404 67 0 1.8 852 2.6 504 7.4 0 1.7 0 1.7 19.36 259 6.76 11.6 13.76 16.6
DER 3 133.5 10.3 30 6.9 50.5 6.9 455 18 10 11.2 10 9 84.06 354 39.1 257 31.8 277
DER 4 50 83 795 1.4 9.7 1.4 505 91 7.05 1.1 7.05 1.1 16.1 36,6 7.4 19.2 14.85 24.1
PCC 38.89 104 0 5 0 5 29.2 94 19.26 24 46 1.7 50.13 23.7 2425 209 17.85 16.3

Xos 18 in %, T, is in s.

2Results presented for simultaneous step change from Opu to 0.1 pu.
bThe best performing step response results at PCC presented.
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Fig. 5. An example of LVDC microgrid.

overshoot reduction, at the same time a 63% and 76.9% reductions
in cumulative tracking error as shown in Fig. 7. The improvement of
the dynamic response is also reflected in an external disturbance that
is applied at r = 0.43s. Table 3 shows that 9.7%-69.45% overshoot
reduction is achieved when independent SPM is utilized. While PCC
has a further 6.4% overshoot reduction with coordinated SPM.

4. Power hardware-in-the-loop experimental validation

To demonstrate the real world applicability of the proposed ap-
proach and to appraise its technology readiness level, a rigorous val-
idation through high fidelity power hardware-in-the-loop (PHIL) ex-
perimental setup has been undertaken at the Dynamic Power Systems
Laboratory at the University of Strathclyde. The LVAC distribution
network utilized for performance evaluation within Section 4-A has
been modified for PHIL experiment as shown in Fig. 8(a) in accordance
with [48]. The power system is split in two, DER 3 represented by
15kVA four quadrant converter emulating a BESS while the remainder
of the network is simulated in real-time within the digital real-time
simulator (DRTS) at a time step of 50 ps. The voltage from Bus 3 is
reproduced within the laboratory using a 90 kVA four quadrant power
amplifier, also responsible for measurement of the response current and
feed it back to the DRTS. The proposed control is incorporated within
the real-time target used for hosting the control algorithm of the 15kVA

four quadrant converter, operating with high fidelity measurements ob-
tained at a sampling rate of 10 kHz. This presents a close to real-world
implementation within a controlled environment, enabling validation
that emboldens confidence in the proposed approach.

The performance of the hardware DER with conventional, indepen-
dent and coordinated control approach subject to simultaneous step
up, step down, staggered step change and external disturbance are
presented in Fig. 8(b) (top). The cumulative power response at the PCC
is shown in Fig. 8(b) (bottom). The accompanying key indicators for the
PHIL evaluation are shown in Table 4. The results are in conformance
with the results discussed in Sections 3.1 and 3.2, with level I only
and coordinated approach demonstrating enhanced dynamic response
in terms of overshoot and settling time. The CTE for cumulative power
response at the PCC is shown in Fig. 8(c) where the advantage of the
proposed approach is clearly brought forward.

The PHIL evaluation therefore demonstrates the capability of the
proposed approach to (i) be synthesized within a micro-controller for
operation in real-time and (ii) deal with non-ideal conditions such as
measurement noise.

5. Application in grid frequency regulation

In this section, the advantage of the proposed approach in frequency
regulation of a transmission network is demonstrated. A generic system
frequency response model, tuned to reproduce Great Britain transmis-
sion network dynamics [49], is employed to emulate representative
frequency response. The frequency from the emulator is used as an
input for a frequency controlled voltage source connected to a LV
microgrid (adapted based on the LVAC distribution network utilized
in Section 3.1) as shown in Fig. 9. The description and chosen values
of the parameters of the generic system frequency response emulator
are presented in the Appendix, along with the adaptations to realize
the LV microgrid from the LVAC distribution feeder.

A frequency event is emulated by introducing a power imbalance
of 100MW (4P,,,,). The aggregators activate and request response
from the DERs when the system frequency reaches the lower threshold
of the operating frequency, i.e., 49.8 Hz. The sum of power response
from the DERs (XP,;;) within the microgrid is scaled by a scaling
factor n and sent as an input to the generic system frequency response
emulator. The active power response of the DERs and the consequent
frequency profiles for the three cases, (i) no SPM, (ii) independent
SPM and (iii) coordinated SPM is presented in Figs. 10(a) and 10(b)
respectively. In addition, the sensitivity of the approach to changing
system inertia is evaluated by incorporating three different values of
inertia. For coordinated SPM approach, a communications delay of
Td = 0.5ms is incorporated.

As can be observed from Fig. 10(a), the improvement in active
power response of the microgrid with incorporation of independent and
coordinated SPM is evident under all inertial values considered. Con-
sequently, the independent and coordinated SPM approaches improve
the dynamic frequency response of the transmission system as shown in
Fig. 10(b). Particularly of interest is the case when H = 0.5H, (repre-
sentative of future with reduced inertia), the no SPM and independent
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Table 4

Key indicators for performance evaluation of proposed control — PHIL implementation.

Simultaneous set point change®

Staggered set point change”

External disturbance

No SPM

Independent Coordinated No SPM Independent Coordinated No SPM Independent Coordinated

Xos Tser Xos Teer Xos Teer Xos Tser Xos Teer Xos Teer Xdev Tser Xdev  Toer Xdey  Toer
DER 3 19.85 0.70 12.44 0.46 9.72 0.44 19.83 0.80 1294 0.56 14.29 0.55 2.97 0.31 223 0.26 8.3 0.12
PCC 9.86 037 5.7 0.25 348 0.21 15.07 0.46 11.62 0.36 582 0.35 16.39 0.53 8.09 0.41 235 0.11

Xo 18 in %, Ty is in s.
aResults presented for simultaneous step change from Opu to 0.1 pu.
YThe best performing step response results at PCC presented.

SPM approaches fail to regulate the frequency within the statutory
limits defined as [49.5, 50.5] Hz. By coordinating the response of two
fast acting DERs within each of the microgrid (constituting to 40%
proportion), the coordinated SPM approach is capable of regulating the
frequency within the statutory limits. This demonstrates the valuable
role the proposed approach can play in the future ancillary service
provision market within a renewable-rich power grid.

6. Discussion and future outlook

The proposed approach is the first contribution exploring the co-
ordination of SPM to harness the mutual capabilities of DER. The
coordinated SPM method presents an interesting area of research wor-
thy of further attention, and below a few directions of future research
have been identified.
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Fig. 8. PHIL performance evaluation.

» The proposed approach and intended application cater for the
desired properties to ensure performance under distributed com-
munications. The reliability and scalability of the approach can
be further enhanced by reducing the reliance of the approach
upon communications. To this end, three future directions are
identified: (i) implementation of the proposed control through
a consensus approach aimed at reducing communication burden

within the network, (ii) incorporation of methods to optimize

the communication network architecture based on the power sys-
tem requirements; and (iii) implementation of distributed control
through the incorporation of DER digital twins.

The performance of the approach has been verified within an
LVAC distribution network and a DC microgrid independently,
demonstrating its flexibility for adoption within different net-
works. The use of the approach for hybrid AC/DC network ar-
chitectures has not yet been explored. Many articles in literature
have proposed coordinated control for hybrid AC/DC microgrids
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Fig. 10. Evaluation of proposed approach for grid frequency regulation.

where the focus has been on coordinating the power flow be-
tween the two subgrids [50,51], but very limited literature is
available on hybrid AC/DC microgrid participation in provision of
ancillary services [52]. The proposed approach holds potential for
improving the combined response of such networks, particularly
by means of harnessing the fast response speed of DC converters
(subject to capacities and the response speed of the interfacing
converter). Furthermore, the incorporation of the independent
SPM can improve the dynamics of power management controls
between the AC and DC subgrids. These, in addition to compre-
hensive stability analysis, remain interesting topics to be further
explored.

Most modern power electronic converters interfacing DER have
the ability to be overloaded up to 150% of their rated power ca-
pacity for a short period of time. This capability can be harnessed
to support devices with slower dynamic response. However, the

10

financial modelling of incentivizing the short-term additional
support remains to be explored and implications analysed.

7. Conclusions

In this paper, a two-level coordinated set point modulation (SPM)
approach to enhance the cumulative dynamic response of distributed
DERs participating in ancillary service provision at a chosen point of
common coupling (PCC) is proposed. The performance of the proposed
approach is benchmarked against conventional approach where no
SPM is incorporated. It has been shown that both levels of control,
independent and coordinated, perform significantly better than the
conventional approach. Level I control improves the local response of
the participating DER, however does not help the cumulative response
at the PCC. The coordinated approach in contrast improves the local
dynamic response and the cumulative dynamic response at the PCC.
The performance of the approach has been verified within a LVAC
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Table A.5

Generic system frequency response emulator parameters.
Variables Description
AP, Synchronous generator change in power set point
AP, Change in mechanical power output
Af Change in grid frequency
Seria Grid frequency
Constants Description Value
Fy Fraction of power generated by the turbine 0.1
Tx Turbine reheat time constant 4s
K, Mechanical power gain factor 0.95
AP, Change of power due to events 100 MW
H, Inertia constant 2s
R Droop constant 0.05
D Damping constant 0.06
fan Nominal frequency 50Hz

H, = H, for the case study in Section V.

distribution network and a DC distribution network, demonstrating
its flexibility for adoption within different networks. The real-world
applicability of the approach has further been demonstrated through
a high fidelity power hardware-in-the-loop experimental validation.
In addition, the potential role of the proposed approach in frequency
regulation of a transmission network has been demonstrated. The pro-
posed control will allow virtual power plants to ensure tighter set
point tracking at PCC’s of interest such as the distribution-transmission
interface and to participate in markets with more stringent time and
regulation requirements as expected in future low-inertia systems.
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Appendix

The definitions of the parameters of the generic system frequency
response emulator are presented in Table A.5, along with the values of
constants utilized for the case study in Section 5.

The LV microgrid adopted for grid frequency regulation study in
Section 5 is an adaptation of the LVAC feeder presented in Fig. 2. The
commercial and the industrial feeder branches have been omitted, and
only buses with DERs have been considered. The response character-
istics of DERs have been adjusted to reflect two fast acting DERs (rise
time <0.5s) within the microgrid with other three presenting slower
dynamic response (rise time >4s).
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