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Abstract: Distribution networks are becoming increasingly “smarter”, as well as more complex, with the
addition of power electronic devices, ICT, smart meters, and more. As a result, advanced control strategies
to manage such networks are becoming necessary. These strategies need to be thoroughly tested and
validated, before they can be implemented in a real network. For this reason, a Smart Grid Control
Algorithm (SGCA) testing chain is proposed, that aims to gradually test control algorithms, in all their
development stages, using increasingly advanced laboratory setups. In addition, the interfacing options and
challenges of each stage of the chain are highlighted. The proposed testing chain is substantiated in an
optimal centralized Coordinated Voltage Control (CVC) algorithm and the final stage of the chain, namely
the combination of Control and Power Hardware-in-the-Loop simulation, is presented in this paper. As a
specific example, the management technique for a storage system is implemented as part of the CVC
algorithm. The laboratory results demonstrate that the proposed setup, despite its high complexity, enables
the algorithm to be effectively and realistically tested as part of the overall system.

1. Introduction

Distributed generation (DG), especially in the form of Renewable Energy Sources (RES), such as
photovoltaic systems and small wind turbines, plays the key role in the transition of distribution networks
from passive to active. An important issue that arises in distribution networks due to high DG penetration
is voltage excursions, namely voltage drops or voltage rises. Voltage control methods are usually
implemented as local solutions, using measurements obtained locally (e.g. power factor control or Q(V)
droop control of inverters, voltage regulators, capacitor banks, etc.) [1], [2]. As distribution networks
become more complex, more coordinated voltage control approaches are necessary [3]-[8] employing
novel technologies, such as storage systems, information and communication technologies (ICT),
advanced controllers, etc. In this way, distribution networks can be effectively monitored and controlled,
allowing increased DG penetration. One approach to the distribution network management is the
implementation of a Smart Grid Control Algorithm (SGCA), whose role is to monitor the network, make
certain decisions and dispatch commands to various controllable devices in the network.

Nevertheless, before such control algorithms can be implemented on actual distribution networks,

they need to be thoroughly tested and validated in a laboratory setup. However, the high complexity of
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active distribution networks makes the effective testing of a SGCA challenging, especially at the early
stages of development. Commonly used purely software simulation approaches may not reproduce
adequately the behaviour of the real system at all times, especially when complicated hardware, such as
inverter based DG, is simulated [9]. As a result, the transition from a simple software simulation of a
SGCA to an actual field implementation poses a significant level of uncertainty, as the results between
simulation and field could differ significantly.

Real-time Hardware-in-the-Loop (HIL) simulation is the state of the art technique for achieving
highly realistic laboratory testing of both power (e.g. inverters, motors) and control equipment [10].
Digital real-time simulators (DRTS), simulate a network in real-time allowing connections to real
equipment, named the hardware-under-test (HUT). The HUT is typically a power component (Power HIL
- PHIL) or a controller (Control HIL - CHIL). A key element of HIL simulations is the interface among
the various system components. The utilization of DRTS provides a wide range of real time interfacing
possibilities, but at the same time, significant interfacing issues need to be addressed, such as time delays,
noise, stability, accuracy and more. Several comprehensive CHIL [11]-[15] and PHIL [9],[16]-[21]
applications have been reported in the literature, however a systematic step by step testing process of
control algorithms has not been presented so far. This is addressed in this paper.

The paper is structured as follows. Section 2 describes the proposed Smart Grid Control Algorithm
testing chain and the interface characteristics of each stage. In Section 3, the proposed testing chain is
applied on a Coordinated Voltage Control algorithm implemented on a three phase network, with focus on
the combined CHIL and PHIL stage. The test network, algorithm and laboratory setup are presented in

this Section. Section 4 presents the laboratory results and software results and Section 5 concludes the

paper.

2. Advanced testing techniques for Smart Grid control algorithms

2.1 Testing Chain of Smart Grid Control Algorithms

The proposed testing chain is depicted in Fig. 1. At the first stage, a purely software simulation is
performed for both the power network and the control algorithm. The power system is simulated in steady
state or transient conditions using commercial software, like Matlab [22], Simulink [23], [24], etc.,

whereas the control algorithm is typically a script. Even though pure simulation can validate the



functionality of the algorithm in the given conditions, it does not represent adequately the interfacing
between the power and control systems.

One step ahead is the use of two separate and dedicated pieces of software for the power and control
systems. This testing scheme, called Software in the Loop (SIL) [25], [26], can be considered as a co-
simulation technique, as the two interconnected systems exchange information in a closed loop
configuration. More specifically, the software implementing the algorithm reads data from the power
system’s software, performs certain actions, sends back its output and the power system model reacts
accordingly. The two pieces of software can either be executed in the same or different computers, using a
form of communication interface to exchange information.

The next stage of the chain involves testing the control algorithm in a Control Hardware in the Loop
(CHIL) setup [12], [13], [14]. This configuration requires two main components, a digital real-time
simulator (DRTS) for the power system simulation and a hardware controller, which can be the controller
of a power component (e.g. inverter controller, relay, etc.) or a centralized controller (e.g. distribution
management system controller, microgrid controller). The advantages of CHIL testing, compared to pure
simulation or SIL, are significant. DRTS are able to solve the power system’s mathematical equations in
real-time (typical time-steps are <50us), thus enabling the SGCA to be implemented on a physical
hardware controller, interfaced with the DRTS in real time and tested under realistic conditions. In
addition, CHIL simulations can reveal “hidden” weaknesses of the control algorithms, and study their
performance under various realistic conditions, such as time delays, noise, etc. However, since all of the
network components are simulated, CHIL testing fails to represent the interaction of the hardware
controller with physical power devices.

The final stage of the proposed control algorithm testing chain, before actual field implementation, is
the combination of the CHIL technique and the Power HIL (PHIL) technique, which involves interfacing
the DRTS with a number of power hardware components, such as inverters, motors, generators, etc. [9],
[17], [18]. The combination of both CHIL and PHIL techniques in the same experiment, is the closest that
a laboratory test can get to a full hardware application, since it involves real time interactions between
hardware controllers and physical power components. This setup, despite its high complexity, combines
the benefits of both CHIL and PHIL in a single simulation, which enables a SGCA to be tested, not as a
single and separate entity, but as part of the whole system. In this way, its functionality, implementation
on a real hardware controller, interaction with real power components, and its effectiveness on a simulated,

yet realistic power system, can be all validated.
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Fig. 1. The proposed testing chain of Smart Grid control algorithms

2.2 Interfacing possibilities and challenges

Each stage of the proposed SGCA testing chain comes with its own interfacing characteristics. As a
test setup approaches a real life implementation, more interfacing options become available, but at the
same time, its complexity increases. As a result, significant interfacing challenges arise.

The first stage of the chain, i.e. the simple software simulation of both power and control systems,
does not present any interfacing issues, since all interactions among the various components are modelled
within the single software.

A Software in the Loop setup, offers a wide variety of interfacing options for the two pieces of
software simulating the power and control systems, running on different platforms. Common
communication protocols, such as TCP/IP, Modbus, CAN bus, etc., can be tested, in order to simulate



actual field communication more effectively. The obstacles that need to be overcome in such a setup is the
software compatibility with the aforementioned communication protocols, as well as synchronization and
possible mismatch of the initial conditions between the two pieces of software [25], [26].

Moving downwards the chain, CHIL simulation, using DRTS, is a major milestone [1], [12], [13],
[14]. Since the simulations are executed in real-time, it is possible to easily interface other hardware
devices within the same simulation, typically using analog and digital input/output signals. DRTS are
commonly equipped with a number of analog and digital ports that can be read and written in real-time
during the execution of the simulation. As a result, they can be interfaced with any device that uses analog
and digital signals for data exchange. Possible mismatches in voltage operating limits of the A/D ports
need to be taken into consideration, as well as noise and time delays that can be added to the transmitted
signals by the input/output devices or measuring equipment. Finally, communication characteristics
between the DRTS and the hardware control devices can be studied. By employing a communication
emulator to interface the two components, issues such as time delay, bandwidth, packet loss, etc., can be
considered [12].

Lastly, PHIL simulation setups pose significant interfacing challenges that need to be addressed [9],
[19], [20], [21]. The first of these challenges is the mismatch between operating voltages. A DRTS can
typically handle voltages up to £10V at its analog and 5V at its digital ports. Therefore, the utilization of a
power amplifier is required in order to interface the simulator with a power component. Different
technologies of power amplifier are described in [20]. In all of them, the DRTS sends the voltage of the
node that the power hardware is connected to, scaled to £10V via one of its analog output ports, to the
amplifier. This voltage is amplified at the appropriate level (e.g. 230V for a low voltage system) and is
applied to the power component (e.g. inverter). The current produced by the operation of this component is
measured, fed back to the DRTS through one of its analog input ports and is represented in simulation as a
current source. The described configuration constitutes a closed-loop system, which means that stability
and accuracy issues must be examined [9], [19]. It is important that stability is ensured, since it could lead
to damage of the equipment. In many cases, accuracy needs to be compromised in order to achieve
stability. Thorough fine-tuning should be performed so that the highest possible accuracy is achieved
while maintaining stability.

As expected, the combination of CHIL and PHIL simulation faces the interfacing challenges of both
techniques, though it offers the widest range of interfacing possibilities among the various system

components.



3. Case Study - Coordinated Voltage Control algorithm
An optimal centralized Coordinated Voltage Control (CVC) algorithm was developed that operates

as a distribution management system and will be used as a case study. The proposed testing chain has been
applied fully on the CVC algorithm during the various stages of its development. In this work, only the
final stage of the chain (combined CHIL and PHIL simulation) is presented and analysed, since it presents

the highest complexity.

3.1 Test Network
The network for testing the CVC algorithm is a low voltage residential feeder, which is based on the
modified benchmark low voltage microgrid, presented in Fig. 2 [27], [28]. The following assumptions
were made:
e On-Load Tap Changer (OLTC) in place of the Off-Load Tap Changer
e Double length of all lines
e Photovoltaics in place of all DER

e Different nominal power for loads, PVs and storage

3.2 Coordinated Voltage Control Algorithm

The Coordinated Voltage Control (CVC) algorithm manages all the devices of the network that are
capable of regulating the voltage either directly (OLTCs), or through the injection of active/reactive power,
such as Battery Energy Storage Systems (BESS) and Photovoltaic (PV) inverters. Management is based on
the solution of an optimization problem, which minimizes a predefined objective function, subject to linear

and non-linear constraints.
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Fig. 2. Benchmark low voltage microgrid [27]

Assuming that all the static data are known (

1@, 3 kW

lines, buses, transformers, operating limits of the

inverters and OLTC, etc.), the following inputs are required:

e Active and reactive power of loads
e Active power of Photovoltaics
e State of Charge (SoC) of BESS



e Tap position of the OLTC
By solving the optimization problem the following outputs are obtained:
e Active and reactive power of the BESS
e Reactive power of the PV Inverters
e Tap position of the OLTC
Since the algorithm is designed to run in real time using on-line measurements, and not as day-ahead
scheduling based on forecasts, the State of Charge (SoC) of the BESS has to be properly monitored and

managed for two reasons:

1. The BESS might not have the required SoC to provide voltage support during peak and

valley generation or demand periods.

2. At the start of the day, the initial SoC might be too high or too low, which might restrict its
availability during critical periods.

In order to take into account these conditions, the algorithm includes two SoC management
techniques. The first one involves the solution of a simple power-flow problem, based on the on-line
measurements, in order to estimate the maximum and minimum estimated bus voltages in a scenario
without voltage control. This information enables the algorithm to adjust the BESS’ active power
constraints based on the proposed power-voltage curves shown in Fig. 3. In this way, the BESS is only
allowed to be charged (discharged) when the maximum estimated voltage is higher than 1.05 p.u.
(minimum voltage lower than 0.95 p.u.). The rate of the adjustable active power constraints is increased
linearly with the estimated voltage beyond this point and reaches its peak (BESS nominal apparent power)
at 1.1 p.u. (0.9 p.u.). This mechanism prevents the BESS from fully charging or discharging early during
the day, since its maximum active power exchange is constrained during non-critical periods.

If the lower (40%) or upper (100%) SoC limits are reached at any point, the algorithm sets the lower
or upper active power constraint to zero, thus stopping further discharging or charging of the BESS,
respectively.
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Fig. 3. Adjustment of the BESS active power optimization constraints based on the maximum and minimum estimated
voltage of a scenario without voltage control

() Upper BESS active power constraint (charge)

(b) Lower BESS active power constraint (discharge)

The second technique aims to restore the SoC to a predefined level during the night [29].
Specifically, between 12 a.m. and 9 a.m., when the load demand is low and PV generation zero, the
algorithm adjusts the BESS’ active power in order to restore the SoC to the reference level. The
amount of active power that will be used depends on the deviation of the current SoC from the

reference level, as described by:

SoC — SoCf
Pbat,charge—dischrage = Pbat,nom * m (1)

The objective function of the optimization algorithm aims to minimize:
1. Active power losses on the distribution lines and transformer
2. Voltage deviation at consumers and battery buses from the nominal value (1 p.u.)
(buses 7 to 12)
3. Number of OLTC operations

The optimization problem is formulated as:

12
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2 2
Plosses,ij = =Gy * [Vi + Vi — 2V;V; cos §;4]
tap,,, =9+ Tap_changes
Tap_changes = deviation from tap position 9 (integer)
w1, Wy, w3 = weights for the objective function terms

n = total number of buses

subject to:
Voltage Constraints
V=1 OLTC Constraints
6:=0 —8 < Tap_changes < 8
09<V;, <11
0 < 6, <360
Power Flow Constraints
BESS Constraints - .
Paischarge < Ppat < Pcharge Pgeni = Proadi = Vi Z Vi[Gii cos 6U + Byjsin 6ij]
_Sbat,nom < Qbat < Sbat,nom ]?1
2 2 2
Pbat + Qbat = Sbat,nom QGen,i - Qload,i = VLZ V][Gl] sin 61] - Bl] cos 611]
j=1
PV Inverter Constraints
| Q| < Ppyi * tan (cos ™ (0.8)) Line Current Constraints
Pioit Q2yi < Shonom, [Vij (Vi = Vi)l < Tijtimic

The weights of the objective function were arbitrarily selected as: 20% for the power losses (w1), 40%
for the voltage deviations (w-) and 40% for the number of tap change operations of the OLTC (ws).

The CVC algorithm is implemented in Matlab, running on a computer that acts as the control
hardware under test for the CHIL part of the simulation. The aforementioned optimization problem falls
into the category of Mixed Integer Non-Linear Programming (MINLP), as it includes both real and integer
variables, and nonlinear constraints. MATLAB’s Optimization Toolbox offers a variety of optimization
solver functions, but none for solving MINLP problems. This problem was solved following the method
proposed in [5], as described below.

Function “fmincon” of the Optimization Toolbox is selected as the optimization solver. The
algorithm used was the active-set algorithm. The algorithm is terminated if any of the following conditions
is met: change of cost function less or equal 10™*% change in the variables x less or equal 10™® and

constraint violation less than 107*°. The maximum number of iterations is set to 1000 and the limit of

10



maximum cost function evaluations limit to 2000. In this way, it is ensured that the optimization algorithm
provides setpoints before the next time step.

Since this function handles nonlinear constraints, but is not able to deal with integer variables, the
optimization problem is solved considering the number of tap changes as a real variable. Next, the
problem is solved again thrice, with an added equality constraint each time. The equality constraint
expresses the tap changer variable, as it has been calculated by the first execution of fmincon, rounded to
the closest integer for the second execution, the closest integer plus one for the third, and the closest
integer minus one for the fourth. Subsequently, the algorithm selects among the three integer solutions of
the optimization problem, the one that minimizes the objective function. If any of the fmincon executions
fails to converge or to satisfy its constraints, it is automatically excluded from the final selection.

The algorithm needs approximately 60 iterations in order to achieve a solution for one point in time.
The whole algorithm needs 2 to 3 seconds after the measurement acquisition to provide setpoints. The
whole process, from transferring the load active and reactive power, SOC and Tap measurements to the
controller to the provision of the active and reactive power setpoints and the new tap position calculated by

the controller to the DRTS, requires about one minute.

3.3 Laboratory Setup

The CVC algorithm was tested in pure simulation, SIL, CHIL and finally combined CHIL and PHIL
following the testing chain of Fig. 1. In the combined Control and Power HIL simulation one of the PV
inverters is used as the HUT of the PHIL test and the central controller performing the CVC algorithm is
the controller under test of the CHIL test.

The simulated network of Fig. 2 is simulated in the RTDS®. The BESS usually consists of the
battery bank, a DC/DC converter and a DC/AC inverter. The DC/AC inverter regulates the DC BUS
voltage in the output of the DC/DC converter, as well as the reactive power that is absorbed/generated to
the grid. The DC/DC converter is current controlled in order to regulate the discharge/charge current and
power to the batteries. However, the batteries and the PV inverters were modeled inside the DRTS as P,Q
controllable sources, due to physical limitations. The SOC of the battery was calculated with the
Coulomb-counting method.

The physical PV Inverter is connected on its DC side to a PV Simulator, in order to allow fully
controllable and customizable characteristics for the PV, such as MPP power, irradiance, temperature, etc.
In addition, the inverter is connected with a dedicated communication and control interfacing device,

which enables the transmission of set-points from the controller to the inverter.
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In order to connect the PV inverter (power component) with the real-time simulated network, a
linear 4-quadrant power amplifier was used for their interface.

The communication of the DRTS with the central controller was implemented with a communication
interface, which consists of analog and digital input/output modules and a real-time target (RTT) computer.
The 1/0 modules communicate via EtherCat protocol with the RTT, which in turn interfaces these signals
directly with the MATLAB Workspace [30]. The complete laboratory setup is depicted in Fig. 4. The
single phase battery inverter rating is 5kVVA and the PV inverter single phase ratings are 30, 20, 4 and 20
kVA placed at PV #1, #2, #3 and #4 accordingly.
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Fig. 4. Laboratory implementation of the combined CHIL and PHIL test

4. Laboratory and software results
4.1. Laboratory results

In this Section, the results of the final stage of the testing chain (combined CHIL and PHIL) are
provided.

The algorithm was tested using daily profiles of the load demand and irradiance. The irradiance of
the physical PV inverter, was adjusted during the experiment using the PV simulator (programmable DC

source), whereas the simulated PVs and loads obtained their respective curve values from MATLAB. The

12



PV simulator was synchronized with MATLAB, so that all PV inverters (the hardware and the 3 simulated)
follow the same irradiance profile.

The network was considered symmetric and the obtained results are presented in the following
figures. With reference to Fig. 4 that depicts the single line diagram of test network, Fig. 5 depicts the
voltages of the five load buses, Fig.6 the tap position of the OLTC, Fig. 7a the active and reactive power
exchange, Fig. 7b the SoC of the BESS, and Fig. 8 the reactive power exchange of the four PV inverters
(#1, #2 and #4 are the simulated inverters, #3 is the physical inverter).

In order to compare the laboratory results with a baseline scenario, the test network was simulated in
the DRTS, using the same load demand and irradiance profiles, but without any form of voltage control
(OLTC, BESS, reactive power from PV inverters). The results of this scenario are presented in Fig. 5a.
The results of the Control and Power HIL simulation of the CVVC algorithm are shown in Fig. 5b. It can be
seen in Fig. 5a and 5b that the CVVC algorithm effectively reduces the voltage rise and voltage drops, while
maintaining all consumer bus voltages close to the nominal value throughout the day. It is worth
mentioning that consumers #2 to #5 where PVs are installed, experience high voltage rises during the
midday hours, while the voltage at consumer #1, without a PV, is close to the nominal. The algorithm
succeeds in mitigating the voltage rise effects of consumers #2-#5 without causing significant voltage drop
on consumer #1. A similar observation can be made during early night hours, when the load demand
reaches its peak. Consumer #1, being the closest to the transformer, experiences the lowest voltage drop,
whereas the other four consumers experience higher drops. Again, the algorithm manages to mitigate the
voltage drop problems of consumers #2-#5 without increasing excessively the voltage of consumer #1.

Effective voltage control was achieved by utilizing the OLTC, the active and reactive power of the
BESS and the reactive power of the PV inverters, as seen in Fig. 6, Fig. 7 and Fig. 8, respectively. Fig. 6
shows that 12 tap changer operations were performed throughout the day, all of which during high

irradiance or load peaks, as expected.
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The SoC management techniques described in Section 3.2, have also achieved their goals, as shown
in Fig. 7. The BESS' SoC is restored to the reference level of 40% during the night until early morning
hours (12 a.m. to 9 a.m.), while the active power exchange of the BESS is restricted within the periods of
high irradiance (charge) or high load demand (discharge), where the voltage rise/drop problems are more
severe. The combined operation of the two techniques enabled the BESS to be available for charging
during the whole period of high irradiance, where its SOC has increased from 40% (the reference level for
the second mechanism) up to approximately 95%.

Finally, as seen in Fig. 8, the PV inverters contributed to voltage control by either absorbing (during
hours of high irradiance to reduce the voltages) or generating (to boost voltage) reactive power. However,
the reactive power of PV inverters can only be utilized, while they produce active power, so as not to
violate their minimum power factor limit (0.8 leading or lagging).

As can be concluded from the above results, the last and most complex stage of the proposed SGCA
testing chain was successfully applied on the developed CVC algorithm. All interfaces between the
various components (power amplifier, communications etc.) operated as expected throughout the whole

duration of the experiment without any sign of failure.
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Fig. 7. Daily BESS operation curves
(a) BESS active and reactive power exchange
(b) State of Charge of the BESS
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Simulation Results of CVC algorithm for three phase unbalanced network

LV networks are typically unbalanced. In order to apply the CVC algorithm to unbalanced

three phase networks, the optimization problem was formulated, as shown in the Appendix. Results

from the application of the modified CVC algorithm for three phase unbalanced network were only

possible in software due to the DRTS hardware limitations. The results for the voltage with and

without the CVC algorithm for representative voltages at consumers are presented in Fig, 9a and 9b.
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Fig. 9. Daily Consumer phase voltages profiles
(a) Consumer phase voltages in a scenario with no voltage control
(b) Consumer phase voltages in a scenario with the operation of Coordinated Voltage Control algorithm

5. Conclusion
Distribution networks are transformed to active networks by adopting modern technologies,

such as storage systems, power electronics, ICT, controllers, etc. The need to properly monitor and
control such complex systems has led to the development of advanced network management and
control methods. These methods need to be effectively tested and validated before they are
implemented in real life applications. In this paper, a comprehensive testing chain for Smart Grid
Control Algorithms (SGCA) is proposed, which involves gradually testing the algorithms during
their development period, using increasingly more advanced and complex laboratory configurations.
The testing chain’s stages are pure software simulation of power and control systems, Software-in-
the-Loop (SIL) simulation, Control Hardware-in-the-Loop (CHIL) and finally combined Power and
Control Hardware-in-the-Loop (PHIL+CHIL). Each of these stages offers a number of interfacing
options between the various system components, but also presents increasingly more complex
interfacing challenges. As an example, an optimal centralized Coordinated Voltage Control (CVC)
algorithm is tested and validated and results from the combination of Power and Control Hardware-
in-the-Loop simulation are presented. The results showed the effectiveness of the CVC algorithm
and highlighted the advantages of the combined PHIL and CHIL simulation, since the algorithm

was tested as part of a whole and realistic system, rather than a single, separate entity. This allows
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the final implementation of the algorithm from laboratory to the actual field to be made with higher

certainty.
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Appendix 1. Coordinated Voltage Control in Three Phase Unbalanced Network
Applications of three phase power flow [31] and three phase optimal power flow [32] for
microgrids have been reported in literature. In [31] Carson’s equations of a three phase grounded
four wire system were used which allow the computation of conductor self-impedance and mutual
impedance between the phases and the ground. Therefore, for every line a 4x4 matrix is derived
which includes the self and mutual impedances.
By applying Kron’s reduction [33] a 3x3 matrix is obtained that includes the effects of the
neutral or ground wire.
zoan  gab-n  gac-n
[zi] = 2z Zi 3)
Zean  geb—n gee-n
Using the relation between node voltages and branch currents as described in [31] the
following equations for active and reactive power can be deduced. These equations describe the

active and reactive power in phase a of bus i, but similar equations can be extracted also for phase b

and c.
Tpr [lVa ya®n- nl |V(ph)|cos(9a(ph) +6(ph) 5ia)]
thza:bc—[“/a a(ph)- n||V(Ph)|COS(9a(ph) +5(ph) 55‘)] )
npr [lVa ya@n- n| |V(ph)|sm(9a<ph) 60— 519)]
thza:bc [lVa a(ph) n||V(Ph)|Sm(9a(ph) +50PM - 5{1)] ®

In equations (4) and (5), Y“bc is the admittance matrix and ;; is the bus admittance angle for

branch ij respectively. §; is the voltage angle at bus i. The admittance matrix is calculated as:
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bel _ bc]™1
[v5™] = [25]
The active power flowing on the line (ij) from bus i to bus j is calculated for phase a, as:
[lVial Yiq(ph)—n| |Vi(ph)| COS(@S-(ph) + 5i(ph) _ 5{1)]

]
a
ph=ab,c [lVi |

Pj = (6)

Y;(Ph)—n||‘6(1°h)| COS(QS-(ph) + 6]'(ph) _ Sla)]

Based on the above equations, the CVVC optimization algorithm is modified as:

n n 12
2
. h
mxmf(x) =W § § § Plf,isgs,ij + w» § § (Vk(ph) - 1) + W3|tapnew - tapcurrentl (7)

i=1 j=1ph=a,b,c k=7 ph=a,b,c
x = [V1a v VS 5T 8, Ppat  Qpbat Qpvi Qpv2 Qpvz CQpva Tap_changes]
where:
(vh)y  _ ph) (ph)
Plosses,ij - Pij + P}i
subject to:
Voltage Constraints

v,%Pe =1 Power Flow Constraints
_ h R h

;Sla =0 PGen,i(p ) — Pload,i(p ) = P?
— o (ph) (h) _ Hph

61 120 QGen,i - Qload,i - Qi

5,° = 120°

Similar constraints for BESS, PV inverters, OLTC, bus voltages and line currents with the single
phase formulation of the CVVC optimization are applied.

6. References

[1] Andrén F., Bletterie B., Kadam S., Kotsampopoulos P., Bucher C.: 'On the Stability of Local Voltage Control
in Distribution Networks with a High Penetration of Inverter-Based Generation', IEEE Transactions on
Industrial Electronics, 2014, 62, (4), pp. 2519-2529

[2] von Appen J., Stetz T., Braun M., Schmiegel A.: 'Local Voltage Control Strategies for PV Storage Systems in
Distribution Grids', IEEE Transactions on Smart Grid, 2014, 5, (2), pp. 1002-1009

[3] Chen S., HUW., Su C., Zhang X, Chen Z.: 'Optimal reactive power and voltage control in distribution networks

with distributed generators by fuzzy adaptive hybrid particle swarm optimisation method', IET Generation,
Transmission & Distribution, 2015, 9, (11), pp. 1096-1103

20



[4] Conti S., Greco A. M.: 'Voltage Regulation through Optimal Reactive Dispatching in Active Distribution
Networks'. MELECON, Ajaccio, France, May 2008, pp. 792-798

[5] Kulmala A., Repo S., Jarventausta P.: 'Coordinated Voltage Control in Distribution Networks Including Several
Distributed Energy Resources', IEEE Transactions on Smart Grid, 2014, 5, (4), pp. 2010-2020

[6] Anagnostopoulos P., Papathanassiou S., Hatziargyriou N.: 'Optimal Coordinated Control for Enhancing DER
Integration in MV Distribution Networks'. CIRED — 23" International Conference on Electricity Distribution,
Lyon, France, June 2015

[7] Liu X., Aichhorn A., Liu L., Li H.: 'Coordinated Control of Distributed Energy Storage System With Tap
Changer Transformers for Voltage Rise Mitigation Under High Photovoltaic Penetration’, IEEE Transactions on
Smart Grid, 2012, 3, (2), pp. 897-906

[8] Jeong K., Lee H., Baek Y., Park J.: 'Coordinated Voltage and Reactive Power Control Strategy with Distributed
Generator for Improving the Operational Efficiency', JEET, 2013, 8, (?), pp. 742-749

[9] Kotsampopoulos P., Lehfuss F., Lauss G., Bletterie B., Hatziargyriou N.: "'The Limitations of Digital Simulation
and the Advantages of PHIL Testing in Studying Distributed Generation Provision of Ancillary Services', IEEE
Transactions on Industrial Electronics, 2015, 62, (9), pp. 5502-5515

[10] Faruque, M. O. ; Strasser, T.; Lauss, G.; Jalili-Marandi, V.; Forsyth, P.; Dufour, C.; Dinavahi, V.; Monti,
A.; Kotsampopoulos, P.; Martinez, J.A.; Strunz, K.; Saeedifard, M.; Xiaoyu Wang; Shearer, D.; Paolone, M.,
'Real-Time Simulation Technologies for Power Systems Design, Testing, and Analysis', IEEE Power and
Energy Technology Systems Journal, 2015, 2, (2), pp. 63-73

[11] KerdnenJ. S., Raty T. D.: 'Model-based testing of embedded systems in hardware in the loop environment,
IET Software, 2012, 6, (4), pp. 364-376

[12] JeonJ., Kim J., Kim H., Kim S,, Cho C., Kim J., Ahn J., Nam K.: 'Development of Hardware In-the-Loop
Simulation System for Testing Operation and Control Functions of Microgrid', IEEE Transactions on Power
Electronics, 2010, 25, (12), pp. 2919-2929

[13] Farugue M. O., Dinavahi V.: 'Hardware-in-the-Loop Simulation of Power Electronic System Using
Adaptive Discretization', IEEE Transactions on Industrial Electronics, 2010, 57, (4), pp. 1146-1158

[14] WangJ., Song Y., Li W., Guo J., Monti A.: 'Development of a Universal Platform for Hardware In-the-
Loop Testing of Microgrids', IEEE Transactions on Industrial Informatics, 2014, 10, (4), pp. 2154-2165

[15] Manbachi M., Sadu A., Farhangi H., Monti A., Palizban A., Ponci F., Arzanpour S.. 'Real-Time
Communication Platform for Smart Grid Adaptive Volt-VAR Optimization of Distribution Networks', IEEE
International Conference on Smart Energy Grid Engineering (SEGE), 2015, pp. 1-7

[16] Palmintier B., Lundstrom B., Chakraborty S., Williams T., Schneider K., Chassin D.: 'A Power Hardware-
in-the-Loop Platform With Remote Distribution Circuit Cosimulation', IEEE Transactions on Industrial
Electronics, 2015, 62, (4), pp. 2236-2245

[17]  Steurer M., Edrington C. S., Sloderbeck M., Ren W., Langston J.: 'A Megawatt-Scale Power Hardware-in-

the-Loop Simulation Setup for Motor Drives', IEEE Transactions on Industrial Electronics, 2010, 57, (4), pp.
1254-1260

21



[18] Lauss G. F., Farugue M. O., Schoder K., Dufour C., Viehweider A., Langston J.: 'Characteristics and
Design of Power Hardware-in-the-Loop Simulations for Electrical Power Systems', IEEE Transactions on
Industrial Electronics, 2015, 63, (1), pp. 406-417

[19] Ren W., Steurer M., Baldwin T. L.: 'Improve the Stability and the Accuracy of Power Hardware-in-the-
Loop Simulation by Selecting Appropriate Interface Algorithms', IEEE Transactions on Industry Applications,
2008, 44, (4), pp. 1286-1294

[20] Lehfuss F., Lauss G., Kotsampopoulos P., Hatziargyriou N., Crolla P., Roscoe A.: ‘Comparison of multiple
power amplification types for power Hardware-in-the-Loop applications'. COMPENG, Aachen, Germany, June
2012, pp. 1-6

[21] NodaT., Filizadeh S., Chevrefils A. R., Matar M., Iravani R., Dufour C., Belanger J., Faruque M. O., Strunz
K., Martinez J. A.: 'Interfacing Issues in Real-Time Digital Simulators', IEEE Transactions on Power Delivery,
2011, 26, (2), pp. 1221-1230

[22] Javadian S. A. M., Haghifam M. —R.: 'Protection of Distribution Networks in Presence of DG Using
Distribution Automation System Capabilities’. Power and Energy Society General Meeting — Conversion and
Delivery of Electrical Energy in the 21* Century, Pittsburgh, USA, July 2008, pp. 1-6

[23] Khan F., Massoud A., Gastli A.: 'A Simulink Model of an Active Island Detection Technique for Inverter-
Based Distributed Generation'. 7" IEEE GCC Conference and Exhibition, Doha, Qatar, November 2013, pp.
315-319

[24] Conti S., Raiti S., Tina G.: 'Simulink Modelling of LV Photovoltaic Grid-Connected Distributed
Generation'. 18" International Conference and Exhibition on Electricity Distribution, Turin, ltaly, June 2005,
pp. 1-5

[25] Muresan M., Pitica D.: 'Software in the Loop Environment Reliability for Testing Embedded Code'. IEEE
18" International Symposium for Design and Technology in Electronic Packaging, Alba lulia, Romania,
October 2012, pp. 325-328

[26] Werner S., Masing L., Lesniak F., Becker J.: 'Software-in-the-Loop Simulation of Embedded Control
Applications based on Virtual Platforms'. 25" International Conference on Field Programmable Logic
Applications, London, England, September 2015, pp. 1-8

[27]  Papathanassiou S., Hatziargyriou N., Strunz K.. 'A Benchmark Low Voltage Microgrid. CIGRE
Symposium “Power systems with dispersed generation: technologies, impacts on development, operation and
performances”, Athens, Greece, April 2005

[28] CIGRE Task Force C6.04.02: '‘Benchmark systems for network integration of renewable and distributed
energy resources’, May 2013

[29] Vassilakis A., Kotsampopoulos P., Hatziargyriou N., Karapanos V.. 'A Battery Energy Storage Based
Virtual Synchronous Generator'. IREP Symposium “Bulk Power System Dynamics and Control — IX”,
Rethymnon, Greece, August 2013

[30] Teixeira Pinto R., Rodrigues S. F., Kontos E., Bauer P., Ferreira B.: 'Optimal Power Flow in MTDC

Networks for Large Offshore Wind Power Plants: Validation of the Distributed Voltage Control Strategy'.
Industrial Electronics Society, IECON 2015, Yokohama, Japan, November 2015

22



[31] Morad M., Abdelmageed A., Farag H. E., El-Saadany E. F., Yasser A-R. I. M.: 'A Novel and Generalized
Three-Phase Power Flow Algorithm for Islanded Microgrids Using a Newton Trust Region Method'. IEEE
Transactions on Power Systems, 2013, 28, (1), pp 190-201

[32] Riva E., Sanseverino, Quang N. N., Silvestre M. L, Guerrero J. M., Li C. 'Optimal power flow in three-
phase islanded microgrids with inverter interfaced units'. Electric Power Systems Research, 2015, 123, pp. 48-
56

[33] Kersting W. H., 'Series impedance of overhead and underground lines'. Distribution System Modeling and
Analysis. Boca Raton, FL: CRC, 2002, ch. 4, pp. 77-108.

23



