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This paper proposes a real-time co-simulated framework to experimentally validate the dynamic performance
of network-level controllers in power systems. The experiment setup includes the coordinated emulation of
a transmission network linked to a distribution feeder and real distributed energy sources, working in a
multi-platform and multi-manufacturer environment. The operation of an optimal hierarchical controller for
voltage and frequency support of the transmission network, which exploits the power injection from battery
energy storage systems (BESS), is investigated to demonstrate the feasibility, accuracy and effectiveness of the
proposed setup based on a co-simulation environment. The results of different study cases implemented in the
laboratory are presented, where a successful interconnection between real-time emulators and real hardware
from different manufacturers was realised. The fast and timely response of the controller to disturbances
caused by sudden load changes, three-phase faults and renewable generation losses is experimentally validated.
Finally, the robustness of the developed test bench against noise and harmonic distortion of real signals is also

Power hardware-in-the-loop

demonstrated.

1. Introduction

Carbon emissions are the primary source of global warming. Agree-
ments such as COP26 encourage the abandonment of fossil fuels as
energy sources, promoting the massive integration of renewable power
plants in modern electrical systems [1,2]. However, the high penetra-
tion of power electronics-based energy sources drastically impacts the
stability and reliability of traditional control schemes on a millisecond
time scale [3,4]. As a result, the development of advanced control
schemes that take advantage of the capabilities and flexibility of elec-
tronic converters and energy storage systems to promptly support the
grid is a growing concern for researchers and system operators [5-8].

The recent trend towards digitisation and integration of distributed
energy resources in power networks has created a promising research
field to analyse the impact of new actors on frequency and voltage
deviations [9,10]. Actors such as smart measuring devices, multiple
power sources, rapidly changing loads, new protection systems, among
others, as depicted in Fig. 1. Unlike other disciplines, where impact
analysis of new equipment and controllers is performed directly on
real systems, testing of new assets or control strategies in electric
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power systems can be extremely unsafe or, in some cases, unfeasible
to perform [8,11,12].

For this reason, real-time simulations (RTS) with power hardware-
in-the-loop (PHIL) are a cost-effective, low-risk and highly repeatable
alternative for experiments in electrical power systems [13]. This sim-
plifies the validation process and allows parameter fine-tuning of the
control architectures. Furthermore, the co-simulation between trans-
mission and distribution networks in RT platforms with PHIL is useful
to analyse critical operating conditions interacting with real hardware.
However, these test environments require additional considerations
for handling the non-ideal conditions, like noise and harmonic dis-
tortion, present in actual signals, which imposes additional challenges
compared to offline simulations [14,15]. In this context, real-time co-
simulation setups with real interaction of distributed energy resources
(DERs) are imperative to better understand the short-time dynamics of
modern power systems [7].

A comprehensive comparison of various real-time co-simulation ap-
proaches for transmission and distribution (T&D) networks is presented
in Table 1. In [16], a simultaneous strategy for frequency support
in transmission networks and voltage control in distribution feeders
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Fig. 1. Actors in the modern power systems.

is introduced taking advantage of the power injection from electric
vehicles. This study includes real-time simulations with PHIL schemes.
Nevertheless, the customer loads and charging stations are respectively
modelled as constant loads and constant power sources, neglecting
their dynamic behaviour. Experimental results exhibit large frequency
excursions of up to 2.8 Hz in a 150 s time span, negatively impacting
the power system stability.

From another perspective, a coordinated strategy for voltage and
frequency support in distribution networks is proposed in [3] by con-
sidering battery energy storage systems (BESS). This strategy takes
into account the drop-control scheme and adaptive gains. Although
experimental tests at low power and low voltage are included, this
strategy considers that the transmission network’s frequency can be
dominated by the active power injections from the distribution feeder.

Another investigation conveying experimental results of a control
system based on the frequency and voltage deviations is presented
in [17]. It involves numerous power sources to compensate for such
imbalance. However, the controller only uses measurements at the
point of interconnection of the electronic converter to the network in a
fully distributed scheme, neglecting the interaction with neighbouring
controllers.

The impact of large-scale battery energy storage system (BESS) in-
tegration for frequency regulation in low inertia networks is presented
in [20]. This work presents control schemes in both grid-forming and
grid-following modes. However, it obviates the dynamic response in
a short reference frame, focusing its experiments on daily-long sim-
ulations. In [27], a primary frequency regulation control scheme in
transmission networks using an adaptive state-of-charge (SOC) recovery
strategy for BESSs is presented. In this proposal, the control scheme
provides additional damping to enhance the virtual system’s inertial
ability with high PV penetration. Likewise, this work adopts the drop-
type controller, but it obviates the impact of harmonic currents on
the output impedance and the phase shift issues in the frequency
synchronisation.

Co-simulations of distribution and transmission networks are pre-
sented in [24-26]. These works analyse the dynamic response of the
grid controller; however, the impact of noise and harmonic distortion
caused for real DERs in the simulation loop is disregarded. The dy-
namic performance analysis of transmission networks interacting with
DERs is presented in [21-23]. These works preclude the distribution
feeder response. A co-simulation between transmission and distribution
networks is depicted in [18,19]. These investigations present static
analyses with offline simulations and neglect the response of the closed-
loop controller. All of these works neglect the impacts of real noise and
harmonic distortion on the control system behaviour.
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Given that the previously presented works have not assessed the
real-time dynamic response of network-level controllers in schemes
that include transmission networks, distribution feeders, and the actual
interaction of DERs with the presence of noise and harmonic distor-
tions, this investigation proposes a real-time co-simulated framework
to experimentally validate the dynamic performance of control systems
at the network level. This test environment includes the coordinated
emulation of transmission and distribution networks interfaced with
real power hardware in the simulation loop. An optimal hierarchical
controller that simultaneously regulates frequency and voltage in the
transmission network is applied to verify the feasibility, accuracy, and
effectiveness of the proposed co-simulation environment. This con-
troller is tested under fault conditions, sudden load changes, and the
generation loss of an actual DER.

Accordingly, the most significant contributions of this work are
summarised, as follows:

1. A synergistic co-simulation scheme among several hardware
platforms is developed to evaluate the effectiveness of the pro-
posed coordinated controller. In this framework, a real-time
environment emulating a transmission network, a distribution
feeder, and several DERs is proposed. An actual inverter and a
PV emulator are interfaced with the distribution feeder model to
experimentally assess the controller performance in the presence
of photovoltaic generation sudden losses, noise, and harmonic
distortion.

2. The proposed framework achieves the real-time implementation
of an optimal hierarchical controller to simultaneously regulate
frequency and voltage in transmission networks with a short
response time (500 ms).

3. The fast injection of active and reactive power from the BESSs
installed in different areas across the network is exploited.

4. This coordinated control approach takes advantage of a closed-
loop linear quadratic Gaussian (LQG) strategy to compute the
optimal active and reactive power setpoints to be injected into
each area and to locally mitigate frequency and voltage excur-
sions.

5. This framework also leverages the identification technique based
on the eigensystem realization (ER) to obtain an online power
network modelling and to tune the controller parameters.

6. In the control structure, an aggregator agent facilitates the com-
putation of power setpoints for all BESSs grouped per area
through their: maximum injection capacity, the SOC, and the
optimal setpoints computed by the LQG controller.

The remaining sections of the work are arranged as follows. The
architecture of the proposed hierarchical control scheme and the topol-
ogy of the BESSs with their controllers are detailed in Section 2. Then,
the theoretical foundations of the power system identification method
through the eigensystem realization algorithm and the optimal LQG
controller are reported in Sections 3 and 4, respectively. In Section 5,
the controller performance is tested with real-time co-simulations under
different scenarios involving sudden reduction of renewable energy
generation, load changes and three-phase faults. Finally, concluding
remarks are discussed in Section 6.

2. Real-time optimal control structure and BESS topology

The integration of distributed energy resources, digital communi-
cations and smart measurements into the network is a continuously
developing research area, since the application of more interactive, dis-
tributed and flexible control strategies is a priority [5]. In this context,
our investigation develops a control framework that takes advantage of
smart metring architectures, battery-based storage systems and optimal
controllers in each area to reduce the voltage and frequency deviations,
as depicted in Fig. 2.
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Table 1

Comparison of several schemes of T&D co-simulation models.
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Cite Simulation Model type Transmission network Distribution feeder Timeline Controller type Validation via
environment
[18] Python & OpenDSS Static IEEE 14-node IEEE 8500 & EPRI - - Off-line simulations
Circuit 7
[19] Matlab-Simulink™& Quasi-Static IEEE 9-node EPRI Ckt-24 & EPRI Minutes - Off-line simulations
OpenDSS Circuit 7
[5] Matlab-Simulink™ Dynamic Modified Kundur - Seconds Hierarchical Off-line simulations
8-machine/4-area, coordinated
BESSs controller
[17] Matlab-Simulink™ Dynamic 1-generator 4-node, - Seconds APLL-based control RT simulations
wind plant, BESS OPAL-RT
[20] Matlab-Simulink™ Dynamic low-inertia 10-generator  — Hours PLL-free RT simulations
and 39-node, wind grid-forming OPAL-RT
plant, BESS converter control
[21] Matlab-Simulink™ Dynamic New England - Minutes Coordinated RT simulations
10-generator and controller OPAL-RT
39-node, BESSs
[22] RSCAD Dynamic Modified IEEE 9-node - Seconds Droop-based control ~ RT simulations
test System with DERs RTDS
[23] Matlab-Simulink™ Dynamic 9-node test - Seconds - RT simulations
Typhoon Opal-RT
[24] eMEGASIM & Dynamic European 10-node 16-node Seconds - RT simulations,
ePHASORSIM CIGRE OPAL-RT
[25] ePHASORsim Dynamic IEEE 123-node feeder IEEE 118-node Hours Volt-VAR control RT simulations
OPAL-RT
[26] Matlab-Simulink™& Dynamic European 10-node European CIGRE Seconds Centralised control RT simulations
RSCAD CIGRE strategy OPAL-RT RTDS
Proposed  Matlab-Simulink™, Dynamic Modified Kundur IEEE 13-node Milliseconds Hierarchical RT simulations
HIL control centre 8-machine/4-area, coordinated OPAL-RT, Typhoon,
BESSs, solar plant controller actual hardware
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Fig. 2. Overall control diagram.

A;,B;,C;,D;
Linear model

The proposed approach conceives the controller separated into sev-
eral subsystems according to their physical location and connections
to reduce the data processing burden. Thus, the deployment of the de-
centralised but coordinated system includes an interactive information
flow in a four-level structure, as shown in Fig. 3.

In the first level, the transmission system operator (TSO), working as
a central controller, schedules network operation over a 24-h or longer

.th network

One LQG, one aggregator, multiple sensors and multiple BESSs per area

Fig. 3. Logical framework for information flow management.

horizon. Here, the TSO establishes the operating limits for voltage (db,)
and frequency (db,), respectively; it also defines the setpoints’ values
as V* = 1 pu and f* = 60 Hz. Regarding the voltage and frequency
operation, the ANSI standard provides the mandatory limits [28].
Moreover, it sets the maximum operative temperature recommended
for each BESS (7). Besides, the controller in this level sends the
binary command MR to activate the automatic identification routine
of each area.

In the second level, the optimal amount of active and reactive power
(P and Q) to be injected in the ith area for regulating frequency and
voltage are calculated in closed-loop. In this level, the LQG controller
exploits the voltage (V,) and frequency (f,) remote measurements
acquired and streamed by nth phase measurement units (PMU) to
estimate the optimal control action. The design and mathematical
fundamentals of the LQG controller are presented in Section 4.

At the third level, the aggregator embeds logic rules to aggregate
smartness to the controller. This aggregator works as an intermediary
between the LQG controller and the BESSs installed in the correspond-
ing area, reducing the computational task in the central controller. The
flow diagram shown in Fig. 4 summarises the algorithm executed by
the aggregator of each area.
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Fig. 4. Aggregator algorithm flow diagram.

In step one (highlighted in the pink box), frequency (4f) and
voltage (4V') deviations are estimated. Furthermore, the contingency
occurrence is continuously verified. If a frequency or voltage contin-
gency is detected, then the aggregator initialises the next variables: the
available injection capacity in the area (S;), the total active (P) and
reactive (Q;) powers that are requested from BESSs corresponding to
the ith area, the setpoints of active (P;) and reactive powers (Q}) to
be injected by mth BESS of the ith area, where the temporal variable m
is set to one. In this step, the aggregator also computes the apparent
power demanded (S;) based on the optimal active power (P;") and
reactive power (Q;) requested by the ith LQG.

In step two (highlighted in the violet box of Fig. 4), the aggregator
computes S; and the total SOC of the corresponding area (SOC;) based
on the maximum apparent power capacity (S,,) and its current SOC
(S0C,) reported for each BESS. In this step, BESSs reporting a SOC,,
outside the range defined by 30% < SOC,, < 70% or an operating
temperature (7,,) higher than 7,,,, are excluded to provide ancillary
services for the network, aiming to give additional protection to the
BESS. m is increased in the range 1 < m < p, where p is the number of
BESS installed in the ith area. When m = p, the aggregator algorithm
computes P, and Q; in step 3 (highlighted in the blue box of Fig. 4),
in which the priority is given to the injection of active power over the
reactive power injection.

In step fourth (highlighted in the yellow box), the aggregator com-
putes P’ and Q7 based on S,, and SOC,,. In this step, the active power
injection is also designated for each BESS. The TSO can prioritise the
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active power injection based on the SOC,, or S, by appropriately
selecting the weighting factor g (0 < p < 1), such weighting may
be performed depending on the battery chemistry and the operational
limits of the BESS.

In the aggregator algorithm, the goal of this strategy is to balance
the charge or discharge of each BESS, aiming to keep the SOC close
to 50%. The computation of (1) enables balancing the utilisation of
all BESSs, working as follows: if P, > 0, BESSs in the area must be
discharged, requesting the injection of a higher amount of active power
from the BESSs with the highest SOC. In contrast, if P, < 0, BESSs in the
area must be charged, prioritising the active power absorption towards
the BESSs with lower SOC.

Sy, (1=RSOC,
B NG R LR o
Pt = i i
m Sy, (1=RSOC,
(ﬂ?,+<1—ﬁ;oci )Pf VR0

The automatic identification routine is executed in step five of the
aggregator algorithm (highlighted in the green box). This process runs
when the binary command MR is received from the TSO.

In the fourth level, all PMUs represent sensors, and all BESSs work
as actuators of the controller structure. Each sensor sends the frequency
and voltage amplitude measurements to the aggregator and LQG con-
troller. Each BESS sends S7'“*, SOC,, and the operative temperature
(T,) to the aggregator. In the proposed control framework, all PMUs
and BESSs may be located at different nodes of the network.

2.1. Controller and circuit of each BESS

The electronic power converter controls the bidirectional power
flow between the batteries and the network at the point of common
coupling (PCC). The most widely used topology is the two-level voltage
source converter (VSC) detailed in Fig. 5(a). This topology allows
exchanging active and reactive powers in the four quadrants of the
PQ plane. The elements that compose the electronic converter are: the
three switch branches that can be modelled as a controlled voltage
source, the battery pack, a capacitor bank allowing to reduce the ripple
at the DC side, the inductive filter on the grid side that reduces the total
harmonic distortion at the AC side, and the step-up transformer for the
coupling of the BESS to the high voltage grid [29].

The control system employed for each BESS is detailed in Fig. 5(b).
The controller is implemented in the dq reference frame applying
linear controllers, whose parameters (k, and T;) are tuned using the
pole-localisation method and the average VSC model represented in
(2) [30,31].

d [ig] _ 0 1] ig] . [va
=5 - 1] @

where direct and quadrature voltages are v, and v, respectively. Direct
and quadrature currents are i; and i,. The angular speed estimation is
 and L is the inductance of the filter used in the BESS topology.

The synchronisation of the electronic converter with the grid is
performed by the phase-locked loop (PLL) algorithm. i} and i} are
calculated based on the desired active and reactive powers to be
injected into the PCC (P and Q, respectively). In steady-state, the
calculation of current references based on v, can be simplified as (3).

2P 20¢
it= "= i 3)

47 3y, 3uy

where i and iy are the direct and quadrature setpoints for currents,
respectively.
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Fig. 5. BESSs’ configuration. (a) Circuit topology. (b) Linear PI controllers.

3. System identification by eigensystem realization algorithm

The eigensystem realization algorithm (ERA) is a widely used method
for modal identification [8,32]. The goal is to seek a minimum realisa-
tion of the state-space representation of the studied power system, such
that
x(k + 1) = A;x(k) + B;u(k)

y(k) = C;x(k) + D;u(k)

4

where u(k) and y(k) stand for the input and output vectors of the
identified system, respectively. The vector of the states is x(k) and the
matrices of the linear state-space model in discrete-time are established
by A;, B;, C; and D;. The integer k is the sample indicator and i is the
index of area modelled in the power system. The method for obtaining
the ERA solution can be summarised in the next computational steps:

1. To collect input and output data. The ERA method is usually
applied from the impulse response to capture the dynamics of
the system to be identified. However, generating an impulse
signal is impossible to achieve in practice. In this work, a prag-
matic approach based on capturing system dynamics using small
amplitude and easy-to-generate Chirp signals is applied. The
related functions are selected to stimulate the power system
dynamics, preventing system disturbances and the excitation of
nonlinearities while the identification algorithm is running. Ex-
ponential Chirp functions are applied as a known input sequence
(u(k)) to modulate the P’ and Q} setpoint signals of the BESSs
installed in the area. The low-amplitude linear Chirp function in
(5) is defined as a setpoint signal.

<2ﬂfs(r'} - 1>>
u(k) = asin{ ——— (5)
In(r )

where f; and f, are the lower and upper limits of the frequency
band contained in the chirp signal, a represents the amplitude,
r; is defined as (/e/s,)'/" and T is the time duration of the
signal. Then, the system response is collected from the smart
measurement devices in terms of the voltage amplitude (| V' |,)
and frequency (f,) at the same sampling rate of the setpoint
signals.
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Fig. 6. LQG controller diagram.

2. Computing the linear relationship of each input-output pair. To
obtain the transfer function as an equivalent impulse response
from the chirp functions for each input and output pair, the
Fourier transform is applied to each data sequence such that
F (u(k)) and F (y,(k)), resulting in U(w) and Y,(w). The inverse
Fourier transform is then applied, as follows

Y, (@)
U(w) )

yi)=F"! < (6)

3. Assembling a block-Hankel matrix. By arranging the measured
data in the following way

Yk Yi+1 Yi+N
y Yy y
Hy_), = k:+1 k:+2 k+:N+l @
Yie+N  Yi+N+1 Yik+2nN

where A%~! is the transition matrix that features the system
dynamics, and y, = CA*!B is the impulse responses (u, = 1,
u;, =0 for k > 0) of the system at time k, assuming that x, = 0.
4. Performing the singular value decomposition of H,. The ERA is
based on the singular value decomposition of the Hankel matrix
H,_,, associated with the impulse response of the system.

Hy=UxVT (8

where X is the diagonal matrix containing the singular values of
H. U and V are the left and right singular vectors, respectively.
5. Finding the right order of the system. In this work, the order of the
system is selected by quantifying 99% of the total energy of the
system represented in the first singular values of the diagonal
matrix ¥. Then, U, V and X are truncated to derive a condensed
representation of the power system with reduced order.
6. Computing the discrete-time system matrices. The matrices of the
discrete-time model of the studied power system are given by
1 1 1
A, =2 7UH, V' 2; B, = 2:Q7
\ ©)]
C,=PX3; D, = y0)

where H, is the shifted block-Hankel matrix of H,,.
4. Linear quadratic Gaussian controller design

The control scheme computes the optimal actions to minimise fre-
quency and voltage deviations in each controlled area by reducing the
error with respect to reference setpoints established by the operator.
This MIMO controller also minimises the amount of energy required to
reach the steady state, enhancing the BESSs operation. The design of the
LQG controller is carried out following its two typical stages: the linear
quadratic controller (LQR) and the linear quadratic estimator (LQE).
The estimator and controller gains are computed based on the linear
model obtained by the ERA method previously described in Section 3.

4.1. Linear quadratic regulator

The efficiency of the regulation is evaluated by means of a quadratic-
based performance criteria defined, as follows:

J(x,u,Q,R) = /oo (xTQx + uTRu) dt (10)
0
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Fig. 8. Physical connections of the hardware used in the test bench.

where Q and R are the weighting matrices. These matrices are user-
specified and define the trade-off between regulation performance and
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Fig. 9. Photo of the experimental testbed. (1) Power amplifier. (2) OPAL-RT emulator.
(3) Typhoon emulators (4) High voltage and current probe. (5) SCADA of BESS 1.
(6) Power quality analyser. (7) Oscilloscope. (8) SCADA of the transmission grid and
Typhoon 1 host PC. (9) Solar inverter. (10) PV emulator. (11) SCADA of the distribution
grid. (12) Typhoon 2 host PC.

i o
L
=

Fig. 10. Voltage-type ideal transformer model interfacing algorithm. (a) Among two
power system emulators using analog signals. (b) Between an emulator and a power
amplifier for power hardware-in-the-loop simulation.

control effort. The linear quadratic problem is solved by establishing a
control law u = —KXx, such that (A; —B,K) is stable and J is minimised.
In this control law, the gain K optimises (10), and is expressed as:

K=R"'BP 11

where P is obtained by solving the algebraic Riccati equation defined
as follows:

PA, +ATP-PBR'B/P+Q =0 12)
4.2. Linear quadratic estimator

The sensing and processing of the full-state variables in electrical
power systems are technologically unfeasible in many cases or pro-
hibitively expensive. Nevertheless, the LQR design requires full state
measurement aiming to establish the control law u. In that conditions,
the Kalman filter allows estimating the power system state variables
from the partially measured information.

The state estimator % is designed such that the covariance of (x — %)
is minimised, i.e. the next index J, must be minimised.

Je=IE<{x—$(}T{x—f(}) (13)
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Voltage response. (c) Active power. (d) Reactive power.
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Fig. 12. Response of distribution feeder to a sudden increase of L; located at bus 11
when the optimal controller is turned off (Scenario 1). (a) Voltage response. (b) Active
power. (c) Reactive power.

The system dynamics equation obtained by the state observer of the
Kalman filter is given by

X =A% +Bu+K,y-9
1
{ y =Cx as)
where K, is the Kalman filter gain defined by (15).
K,=P.C'R™! (15)

P, is the positive definite solution of the following Riccati equation:

PA" +AP -PCTRT'CP. +Q=0 16)

Thus, the closed-loop system in terms of the LQR and LQE schemes
is depicted in Fig. 6.
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Fig. 14. Response of distribution feeder to a sudden increase of L; located at bus 11
when the optimal controller is working in closed-loop (Scenario 1). (a) Voltage response.
(b) Active power. (c) Reactive power.

5. Experimental results

This section encloses the testbed system and scenarios to assess
and validate the performance of the proposed real-time co-simulation
environment via the implementation of the control and identification
framework described in Sections 2-3.

5.1. Experimental testbed

The experimental setup is composed of a transmission network in-
terfaced with a distribution feeder and several DERs, as shown in Fig. 7.
The modified Kundur system (MKS) equipped with four interconnected
areas and eight synchronous generators is used as a testbed for the
transmission network. The first modification consists of interconnecting
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happens at bus 20 (Scenario 2). (a) Frequency response. (b) Voltage response. (c) Active
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twice the well-known two areas Kundur system with two main tie-
lines (transmission lines between nodes 9-10 and nodes 11-12) of
100 km, as seen in the middle part of the one-line diagram in Fig. 7. All
synchronous generators (SGs) are modelled using a sixth-order model,
whose parameters are summarised in Table 2. Each SG is controlled by
its own steam turbine and governor system and its own excitation sys-
tem. The governor model is implemented as a tandem-compound steam
prime mover system, including a speed regulator, a steam turbine, and a
shaft with a single mass; meanwhile, the exciter model is implemented
as an IEEE type 1 excitation system.

The second modification comprises the interconnection of seven
BESSs (B, — B;) to the transmission level for providing reactive and ac-
tive power injections; the dg-control structure and VSC-based circuitry
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Fig. 18. Voltage response of the distribution feeder to a sudden generation loss in the
real solar plant.

of each BESS are shown in Fig. 5. Eight PMUs, depicted as red circles
in Fig. 7, are used to sense the amplitude and frequency of the voltage
used as control variables in the proposed scheme. The third change
integrates the IEEE 13-node test distribution feeder to the transmission
level at node 11 of the MKS through a step-down transformer 7. This
distribution grid is characterised by short lines, operating at 4.16 kV,
with shunt capacitors and highly unbalanced loads. A commercial
inverter-interfaced solar PV emulator is connected at node 634 via the
circuit breaker S5, as indicated on the bottom right part of Fig. 7. The
detailed parameters of the distribution grid are described in [8]. The
simulation parameters for all BESSs and step-down/up transformers are
specified in Tables 3 and 4.

From the hardware perspective, the physical connections for all
devices are shown in Figs. 8 and 9. Table 5 summarises the references
of all devices. In this testbed, the transmission network, BESSs 2-7
and the hierarchical optimal controller were emulated on the OPAL-
RT simulator OP5700 with 8 processor cores of up to 3.2 GHz, 16 GB
of RAM and 256 1/0 lines. B, — B; are emulated with a time step of
100 ps, using an average model that neglects the switching ripple. BESS
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Table 2
SGs parameters.
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Table 5
Hardware used for assembling the testbed.

All parameters in p.u.

System Reference

’ " ’ "
Xg X X X, x; x; X; R

1.8 0.3 0.25 1.7 0.55 0.25 0.2

0.0025

All parameters in seconds Rated values

Tt;o TJ; Tq,o Tq’c,ﬁ - s Vip S

900 MVA 20 kv 60 Hz

8 0.03 0.4 0.05 -

Inertia values in seconds

H, H, H, H,
6.5 6.5 6.175 6.175
Table 3

Simulation parameters.

Parameter Value

Rated voltage and battery type

BESS grid-side inductance filter (L,)
BESS DC-side capacitor filter (C,, C,)
BESS controller Parameters (k, and &;)
T, transformer ratio

T, transformer ratio

T; transformer ratio

1000 V, Lithium-ion
30 mH x3

120 pF, 200 pF
k,=70p, k; =30 m
420 V/230 kV,,,,
4.16 kv/230 kV,,,
4.16 kV/240 V,,,

BESS 1 simulation time step 10 ps
Distribution grid simulation time step 50 ps
Transmission grid simulation time step 100 ps

Sampling rate and resolution of
Typhoon analog-to-digital converter (ADC)
Sampling rate and resolution of

1 MHz, 16 bits

200 MHz, 16 bits

OPAL-RT ADC

Table 4

BESSs parameters.

Area 1 Area 2 Area 3 Area 4

BESS number 1 2 3 4 5 6 7
Max. capacity (MVA) 450 450 150 450 450 400 300
Initial SOC (%) 50 50 40 40 40 60 50
Max. temp. (°C) 150 150 150 150 150 150 150
p 0.6 0.6 0.5 0.6 0.5 0.4 0.6

1, highlighted at the top of Fig. 7, is completely emulated by using
a dedicated Typhoon real-time simulator, and it is interconnected via
a step-up transformer T;. A switched model with a 10 kHz switching
frequency is used to emulate B, aiming to reproduce the effect of the
switching noise in the closed loop system.

The distribution feeder and BESS 1 were emulated on two HIL402
platforms manufactured by Typhoon, each one with 4-core and 96 I/0
lines. Besides, a solar-based DER is emulated through the real inverter
StecaGrid 3203 of 3.2 kW and the PV emulator PSI9500. The actual
photovoltaic system is interfaced with the HIL402 emulator through
a full 4-quadrant 3-phase AC power amplifier Regatron TC.ACS of
30 kVA.

All real-time dynamic models of the transmission network, BESSs
2-7, and the hierarchical controller are implemented in the Matlab
& Simulink™ environment with the RT-LAB libraries provided for the
OPAL-RT emulator. The distribution feeder and BESS 1 are imple-
mented in a HIL control centre platform for Typhoon emulators.

Numerous algorithms can facilitate interfacing hardware platforms
for real-time simulation of different manufacturers and with actual
hardware via power amplifiers. Among these, the voltage-type ideal
transformer model is widely used and represents a straightforward
implementation. It also has high accuracy and high stability [15,33].
This model is implemented to emulate the power transfer from BESS
1 towards the transmission system and from the distribution feeder
towards the transmission network, as depicted in Fig. 10(a). On the
OPAL-RT side, the voltage measurements at the PCC (Vp) are scaled
to the range +10 V using G,. The resulting signals are converted

OPAL-RT OP5700

OPAL-RT OP5700

Typhoon HIL402

Typhoon HIL402

Regatron TC.ACS.30.528 30 kVA
StecaGrid 3203 3.2 kW/3 x 230 V
PSI 9500-10-06-2U 1.5 kW/500 V
OP8662

PQ-BOX 200

Transmission system emulator

BESS 2-7 emulator

Distribution system emulator

BESS 1 emulator

Power amplifier

Solar inverter

DC source, PV Emulator

High voltage and high current probe
Power quality analyser

from digital to analog. On the typhoon side, the voltage signals are
transformed from analog to digital. The resulting signal is scaled by G5
to reproduce the corresponding voltage levels at the PCC. These signals
are also filtered in G5 to reduce their bandwidth, increasing the stability
of the connection loop. The currents through the PCC are represented
by controlled current sources, whose controlled signal stems from
the measurements at the PCC on the typhoon side. Such signals are
also filtered and scaled using G; and G,, respectively. This algorithm
emulates in real-time the power transfer between the modelled power
systems between OPAL-RT and the two typhoons, respectively.

Similarly, the distribution feeder can also be interfaced with actual
power hardware using a power amplifier, as shown in Fig. 10(b). The
gains G,_; scale and filter the signals. The power amplifier reproduces
three-phase unbalanced voltages at node 634. In this scheme, Z,,;,,
and Z,,;, represent the impedances at the PCC of the simulated power
systems.

5.2. Test scenarios

The optimal control structure and the proposed multi-platform emu-
lation testbed are verified under the following scenarios, evidencing the
precision and timely response of the controller, as well as the stability
and robustness of the communication links among emulation platforms
and real power hardware.

Scenario 1: it compares the open-loop and closed-loop performance
of the MKS (transmission level). The control systems operate in re-
sponse to a load increase of 130% at node 11. The load change is
presented at 30 s, closing the breaker .S in Fig. 7. The governor and
excitation controllers of all SGs remain active and the breaker S; is
open in both simulations.

Scenario 2: the performance and robustness of the proposed con-
troller are tested in the presence of a 3-cycle three-phase-to-ground
fault at bus 20 of the MKS. The power system stabiliser (PSS), governor
and excitation controllers work together with the proposed optimal
controller, acting in a closed loop. The network parameters remain at
their rated values.

Scenario 3: the performance of the proposed controller is evaluated
to promptly and timely reduce the frequency and voltage deviations
in the transmission system caused by a solar generator’s sudden loss
connected at bus 634 of the distribution grid, as shown in Fig. 7. The
robustness of the proposed hardware configuration and controllers is
validated in the presence of real noise and harmonic distortion injected
from the solar inverter. The power injected by the solar inverter is
amplified 10000 times to produce an observable change in the trans-
mission network. The active power is reduced with a step change from
50 MW to 0 MW.

5.3. Results

Results in scenario 1: an exhaustive comparison of the power system
dynamic response when the proposed controllers work in open-loop
and closed-loop is accomplished in response to a load increase at
bus 11. For instance, the behaviour of the transmission network and
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distribution feeder is respectively depicted in Figs. 11 and 12. With
the optimal controller switched off, notice that the sudden load change
produces fast excursions in frequency and voltage at all measured
buses, and those deviations are below the established lower limits db,
and dby,, marked with the red dotted line in 11(a) and Fig. 11(b),
respectively. The contingency causes a transitory increase of active
power, as shown in Fig. 11(c). In addition, this contingency also
provokes an increase in reactive power at all monitored nodes, which
remains with magnitudes higher than the nominal values, as shown in
Fig. 11(d).

The response of the distribution feeder in Scenario 1 is displayed
in Fig. 12. It is remarkable how the contingency yields voltage drops
lower than 0.9 pu at all nodes, as depicted in Fig. 12(a). Under these
conditions, the system operates outside the safe limits established in the
standard ANSI C84.1 (below 0.95 pu) [28]. Likewise, Fig. 12(b) shows
the reduction of the active power supplied to the fixed resistive loads
of the distribution feeder. The reactive power absorbed at all nodes
changes, reacting to the significant drop in the power delivered, as
shown in Fig. 12(c).

In contrast, when the hierarchical optimal controller is operating
in closed-loop and the contingency described in Scenario 1 takes place,
the control system activates the BESSs in the neighbourhood areas to
precisely and promptly alleviate voltage and frequency deviations, as
shown in Fig. 13(a) and (b). When the contingency is detected in area
3, the corresponding LQG controller computes the optimal active and
reactive power required to reduce the disturbance. The local aggregator
computes the power setpoints for the BESSs grouped in area 3 according
to the algorithm in Fig. 4, saturating the setpoints in the pre-established
operating limits for B,. Considering the limited injection capacity of B,,
the contingency spreads to area 1, activating B, and B,, as depicted
in Fig. 13(c) and (d). The power supplied by all the activated BESSs
drives the frequency and voltage within the preset deadbands (db,
and dby) and closes to the reference values (f* = 60 Hz and |V|*
= 1 pu) in less than 2 s. Simultaneously, the aggregator computes a
setpoint reduction in a ramp form, granting enough time for the SGs
to assume the necessary supply to compensate for the load change. At
77 s, the setpoint reduction for B, is equal to the ramp computed by the
aggregator, and the power injection triggers its reduction until reaching
zero at 128 s (see Fig. 14).

The response of BESS 1 to the load change at bus 11 is exhibited in
Fig. 15. Notice that the active and reactive powers injected at bus 9,
Fig. 15(a), correspond to 188 MW and —121 MVAr, and are calculated
by the optimal control system and the aggregator. Subsequently, the
power injection is ramped down to zero. The BESS is initially operating
with a SOC of 50% and injects active power for about 2 min. In this
period, the energy stored by the batteries is reduced to 49.73%, as
shown in Fig. 15(b). The voltage at the BESS’s PCC with the network
is also reduced to 0.98 pu, remaining within the safe limits established
by the ANSI standard [28], as depicted in Fig. 15(c).

Results in scenario 2: to verify the robustness and reliability of the
experimental testbed and the proposed framework, the system response
to a three-phase to ground fault at bus 20 is presented in Fig. 16. At
30 s, the fault is triggered causing significant frequency and voltage
excursions at all monitored nodes, as shown in Fig. 16(a)-(b). The
detected voltage and frequency disturbances are comparatively higher
at the closest nodes to the point of fault occurrence, i.e. nodes 5-8.
The proposed controller reacts to promptly reduce the frequency and
voltage deviations by injecting active and reactive power from the
BESSs in areas 3 and 4 of the transmission network (B, — B;). BESSs
installed in areas 1 and 2 (Bs — B;) are not involved in the network
support process in this scenario, because the voltages and frequencies
measured between the db, and db, established limits, as shown in
Fig. 16(c)-(d).

The effects of the fault are completely mitigated and the steady state
is attained in less than 2 s. After that, all the power injected by the
BESSs is reduced in ramp form.
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Results in scenario 3: the response of the proposed control system
to the presence of a 50 MW sudden generation loss in the solar plant
is illustrated in Fig. 17. In this scenario, the solar inverter’s power
injection at bus 634 of the distribution grid is amplified up to 50
MW. At 532 s, the generation is reduced to 0 W in a step-wise way,
evidencing frequency and voltage excursions below the db, and db),
established limits, as shown in the zoomed areas of Fig. 17(a)—(b),
respectively. Besides, the voltage measurements at the nodes of SGj;
and SG4 show a high-frequency voltage ripple of + 2% caused by
the commutation of the power switches in the actual inverter and the
noise coupled in the cables used for communication of the measuring
equipment in the actual power system. The proposed LQG controllers
reject the noise, acting as a low-pass filter.

In response to the disturbance, B, is activated initiating active and
reactive power injections to compensate for the loss of generation, as
shown in the enlarged areas of Fig. 17(c)-(d). Subsequently, the power
injection of B, is ramped down given time for the SGs to assume the
generation until the steady state is reached at 63 s after initiating the
regulating action.

The voltage response in the distribution feeder to the presence of a
sudden generation change in the emulated solar plant connected at bus
634 is presented in Fig. 18. The voltage increases 6% at all nodes of the
distribution feeder, such increment is above the nominal value when a
5 MW active power is injected into the transmission grid at node 632.
However, when the generation changes, then the grid voltage suddenly
decreases, achieving the nominal values of the utility grid.

The proposed controller reduces frequency and voltage variations,
even in the presence of highly unbalanced voltages/currents conditions.
Actual polluted signals allow the verification of the noise tolerance in
the proposed testbed. The voltage and current measurements at the
point of connection between the solar inverter to the grid and the power
amplifier are shown in Figs. 19 and 20. The voltage node emulated by
the power amplifier is highly unbalanced, reproducing the features of
the distribution feeder at node 634. In these conditions, the voltages
measured per phase are 254 Vrms, 234 Vrms, 213 Vrms, respectively.

Figs. 19 and 20 depict the three-phase voltage and three-phase
current at the coupling point between the actual inverter and the power
amplifier, without applying any filter to the three-phase current signals
and with the filter applied, respectively. Fig. 19 shows the result of the
coupling of high-frequency noise from the commutation of the power
switches and the harmonic distortion from the three-phase current to
the three-phase voltage at the point of connection between the PV
inverter and the power amplifier. This electrical noise impacts the
stability of the interaction between the power amplifier and the distri-
bution feeder model running on the Typhoon 2 emulator, constraining
the amplification of the power generated by the PV plant. Under these
conditions, the harmonic distortion in the three-phase voltage at the
PCC increases to 23.9%. The application of a low-pass filter to the three-
phase feedback current with a cutoff frequency of 1 kHz reduces the
bandwidth and enhances the stability of the connection, significantly
reducing the high-frequency noise coupling and harmonic distortion in
the voltage at the connection point, as is shown in Fig. 20.

6. Conclusions

The penetration of distributed energy resources into modern power
grids is gradually growing, advocating the exploitation of these new
resources for the provision of ancillary services largely depends on the
studies and knowledge that can be achieved in controlled test envi-
ronments. In this context, a multi-platform real-time simulation with
actual power hardware enables the analysis of stability, reliability and
effectiveness of novel control, protection and cyber-security strategies.
This paper presents a real-time co-simulation of a transmission system
interfaced with a distribution network, battery energy storage systems
and an actual solar generator. This is conducted in a symbiotic way that
includes multiple platforms from multiple manufacturers and power
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Fig. 19. Measurements at the PCC with the PV inverter without low-pass filtering of
the feedback currents. (a) Three-phase voltage. (b) Three-phase current.

S
(5]
on
]
S
>
<
=
[}
E
= L L
®]
0 0.01 0.02 (b) 0.03 0.04 0.05
Time (s)

Fig. 20. Measurements at the PCC with the PV inverter with a low-pass filter of the
feedback currents (cut-off frequency 1 kHz). (a) Three-phase voltage. (b) Three-phase
current.

hardware-in-the-loop. This testbed is applied to verify the effective-
ness of an optimal hierarchical controller for frequency and voltage
regulation in the transmission network.

Experimental results demonstrated that the proposed hardware
setup is effective for the real-time emulation of the power system
dynamic behaviour integrated with transmission and distribution net-
works. The proposed control system regulates frequency and voltage
with accuracy, even in the presence of real electrical noise, harmonic
distortion, and significant changes in the operating point of the sys-
tem. The dynamic performance and stability of the entire system are
maintained despite the occurrence of events such as three-phase faults,
sudden generation losses and load changes of up to 130%, evidencing
the reliability and robustness of the proposed framework.
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