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Abstract

The increase in quantity and electrification of energy in residential areas pushes the existing distribution
network to its limits. If left unchanged, the network will suffer from voltage violations caused by the
increase of electric vehicle (EV) charging, energy generation by Photovoltaics (PV) panels and the phasing
out of natural gas. Typically, cables are reinforced to cope with increased demand, but upgrading large
parts of the Dutch electricity network is expensive. By not expanding the network, the remaining capacity
of the network needs to be optimally used. This situation encourages the switch to an active distribution
network, which opens up a new possibility for voltage management and optimal use of the distribution
network.

One of these prospects is the multi-port converter. This converter combines the usually separate con-
verters of EV, PV and battery energy storage system (BESS) to a single entity. Combined with an opti-
mal charging algorithm, the energy management system (EMS) of the multi-port converter decides when
to (dis)charge the BESS and EV, using a moving horizon window. By controlling the previously non-
dispatchable loads, flexibility is generated on the demand side. Using a network of multi-port converters
on its own is insufficient to cope with voltage problems in the distribution network due to the overlap of
(dis)charging schedules and lack of communication.

A Voltage management system (VMS) is used to coordinate the EMS of all the multi-port converters in
the network to stay within the voltage range. This controller aims to prevent and correct voltage problems
by varying the input or output of the multi-port converter. The prevention is done by actively reserving
energy and changing prices to encourage changes in the (dis)charge schedule of the multi-port converter.
The correction of the voltage profile is achieved by active power (Volt-Watt), reactive power (Volt-VAR)
and apparent power (Volt-VA) control.

Due to the stochastic nature of solar energy and load demand, the actual battery capacity and voltage
profile may deviate. To combat the change in battery capacity, a reference tracker is installed. For the
change in voltage, a real-time controller is implemented, used for rapid response. These controllers are
placed inside the EMS under the optimal charging algorithm.

The main focus of this thesis is to design a control structure, which can be gradually deployed, to
prevent and correct voltage problems in a low voltage feeder in various time scales. By using multiple
intertwined controllers, the proposed hierarchical control structure achieves fast operation, prevention and
correction of the voltage profile over an extended period.

The simulations have been validated on the IEEE European low voltage test feeder. Results demonstrate
that a limited number of multi-port converters is needed to keep the voltage profile within limits. The
various correction methods have been tested for effectiveness to correct voltage deviations. Both active
(Volt-Watt) and apparent (Volt-VA) power show capabilities of voltage control. Furthermore, the real-time
controller is capable of removing individual load usage from the network and prevent voltage violations
caused by uncontrolled PV and EV.
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1
Introduction

From the start of the industrial revolution until now, most of the energy demand is based on the use of
fossil fuels [1]. These fossil energy sources were for a long time thought to be irreplaceable and are used
in all major energy sectors (e.g. transportation, housing and electricity generation). Generating electricity
through fossil fuels has several advantages. These include easiness of scaling, flexible operation at the
generation side and a foreseeable supply of energy. The downside is the production of vast amounts of
CO2 and other greenhouse gasses. As rising levels of these gasses result in an increased greenhouse effect,
the unsustainable use results in an undesired climate change.

To combat this climate change, the Dutch parliament goal is to reduce the output of CO2. This goal,
named "het klimaatakkoord", aims to reduce the production of CO2 by 80−95%, in the EU, by the year 2050
[2]. At this date, the energy generation must also consist entirely out of renewable energy sources (RES)
[2]. These agreements will impact the residential housing sector as households are responsible for 27% of
the final energy consumption [3]. Furthermore, the residential housing sector will undergo considerable
changes in the coming decades:

• By 2050, the consumption of natural gas will be phased out [4]. To date, 71% of the energy con-
sumption in dutch households is from natural gas [3]. This termination will lead to an increased load
as the replacements are (partly) electrified.

• Increase in EV charging due to the increase in EV sales and phasing out of combustion engine cars
(2030 in the UK) [5, 6]. As the transport sector contributes 31% of the global energy consumption,
it also requires to be green [7]. To fully charge a modern EV (80 kWh) from 50% to full requires the
energy of 3 daily households worth of energy [8]. If not properly controlled, the considerable energy
demand will inflict peak loads [9].

• The rise of distributed generation (DG), predominantly achieved by the intermittent and uncontrol-
lable PV [10]. If the generation of the DG exceeds the load, a bidirectional power flow occurs.
During summer, when generation reaches peak power, the output may result in a high voltage in the
network and requires the PV inverter to shut off. Due to an increase in penetration level and reliance
on RES for electricity generation, disconnecting RES will no longer be eligible.

Furthermore, there is the possibility of the liberalisation of the energy market. Instead of a fixed price, a
flexible rate per time unit is used to improve supply and demand. When cost minimising charging schemes
are implemented, this will result in peak demand during low energy prices.

This increase in quantity and electrification of energy will cause complications to the conventional
power infrastructure due to possible overvoltage, undervoltage and current violations. The distribution
system operator (DSO) is responsible for the long term ability and feasibility to meet reasonable electricity
demands in the network [11]. The DSO is at a critical stage to invest heavily in the distribution network
as it increases energy at both demand and generation sides. Furthermore, the demand side contains the
intermittent and uncontrollable factors of DG.

Ideally, the changes in the housing sector should cause minimal modification to the existing infrastruc-
ture. Replacing, reinforcing or expanding parts of the distribution network in all of the Netherlands to cope
with larger loads and distributed energy resources (DER)(generators, loads and storage) is a costly, pollut-
ing and time-consuming process. Therefore, it is preferable to use the current AC distribution network and
only modify parts of it to comply with the integration of DER. As the peak capacity is not increased, the
remaining capacity should be optimally used. Improvements in power electronics, data communications
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2 1. Introduction

and advancement in network control can increase capacity usage [12]. However, this requires a change in
the current distribution network.

1.1. Changes in distribution network
These changes will alter the structure of the traditional power system. The conventional power system,
as seen in Figure 1.1, consists of three parts. These are generation, transmission and distribution using a
unidirectional power flow from generation to distribution.

Figure 1.1: An overview of the traditional power system structure. This conventional structure uses large scale power plants for
electricity generation, transmission lines for transportation, and a distribution feeder to provide to the end-consumer. Various voltage
levels are used to decrease losses and provide stability and safety. (DCES, TU Delft)

These traditional power systems were designed to ensure sufficient and stable energy supply and do not
integrate high levels of RES penetration. This is due to the bidirectional power flow at the distribution level,
negatively affecting voltage regulation, protection, and installed equipment of the power system higher up
[13].

Additionally, this traditional power system has no flexibility on the demand side. The power plants
at the generation site are entirely responsible for the matching of generation and consumption. This cen-
tralised approach is wasteful as the last 10% of the generating capacity is only used 1% of the time [14].

In recent years, developments have been made to evolve the power system to handle bidirectional
power flows and be flexible in operation on the generation and demand-side. To deliver these properties,
the distribution network has to change from passive to active. An active distribution network (ADN) is
described as:[15]

ADN are distribution networks that have systems in place to control a combination of DER
(generators, loads and storage). DSO have the possibility of managing the electricity flows
using a flexible network topology. DER take some degree of responsibility for system support,
which will depend on a suitable regulatory environment and connection agreement.

A schematic representation of the upcoming power system, as an ADN, is given in Figure 1.2.
In literature, ADN and smart grid overlap in many aspects. A smart grid has the capability for con-

sumers to use their energy supply. Consumers can coordinate when to buy or sell energy and, therefore,
play a part in network optimisation [16]. ADN and smart grid are seen as interchangeable in this study and
will implement the profound monitoring and information exchange and consumer interaction capabilities
[17]. Similar, a microgrid can be seen as a subset of an ADN. The microgrid has the possibility to go in
an islanded state, while the ADN will always remain in grid-connected mode. As the Netherlands has a
strong grid, an option for an islanded state is not needed.
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Figure 1.2: An illustrative example of the upcoming power systems. Using this ADN, integration of DER become possible. These
include various energy storage systems, EV and the widespread use of RES. (DCES, TU Delft)

The change to an ADN has its ups and downs. The RES as DG can be quickly added to the network.
This is beneficial for the DSO as locally generated energy decreases distribution losses. Furthermore, using
techniques like demand side management (DSM), controllable loads can be moved to a more desired time
slot. This can change the charging patterns of energy storage system (ESS) and EV to a more optimal time
slot. A considerable disadvantage of the ADN is the need for (real-time) reliable communication and co-
ordination between transmission system operator (TSO), DSO and end-consumers. Without coordination,
DER may cause voltage violations. To avert these hazards, additional monitoring is needed to monitor the
voltage at the distribution level, where traditionally, this is mainly done at the transmission and generation
levels.

The monitoring is needed as the voltage is seen as a local signal, which can be locally controlled, and
should be kept within a minimum and maximum. As stated by EN50160, the voltage at each bus should be
230V ±10% 100% of the time to be acceptable. Due to the change to ADN, not only a voltage sag (<207V)
but also a voltage swell (> 253V) can occur due to the increase in DER. As seen in Figure 1.3, not all users
face the same consequences by the voltage deviation. The further you are away from the Point of common
coupling (PCC) at the transformer, the more the voltage deviates.

Figure 1.3: The deviation of the voltage across the length of the feeder. The voltage problems will occur at the end of the feeder as
the voltage deviates further down the network [18].

Frequency, as a global signal, is assumed to be constant. This is due to the limited size of a single
distribution network and the continuous grid connection. Its small influence would therefore not be able to
inflict variations.
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1.2. Multi-port converter and Energy management system
During the transition to ADN, the amount of DG, ESS, and EV will increase, making monitoring and
control more complex. This increased complexity in local control and internal control results in longer
computation time, and due to the unpredictable nature of RES, it can still inflict instability. To improve
efficiency and controllability, a multi-port converter with energy management system (EMS) is proposed.
By using this converter, it is possible to combine all previously separate converters into a single one. An
overview of the multi-port converter is given in Figure 1.4.

Figure 1.4: A schematic description of the change from multiple converters into a single multi-port converter. All previously separated
converters are integrated into a single one. (DCES, TU Delft)

Using EMS and supervisory control and data acquisition (SCADA), all the components are individually
controlled, and the usage can be tracked and presented to the consumer.

The potential benefits of using a multi-port converter with an EMS for either the DSO or the consumer
are:

• Efficiency: BESS, EV and PV are inherently Direct Current (DC). Charging the BESS and EV from
the PV power increases efficiency as the DC/AC step is removed. The removal of these DC/AC steps
make a simpler, more compact and possible cheaper converter.

• Voltage control: From the definition of the ADN as stated in Section 1.1, this multi-port converter
has to take a degree of responsibility for system support. System support can lower or increase the
voltage by letting the DSO set limitations of active power or setting reference points for reactive
power support. Although DER can also achieve this, the multi-port converter only requires a sin-
gle connection, limiting communication. Furthermore, as the multi-port converter uses a 3-phase
inverter, it removes any DER voltage unbalance.

• Resilience: The use of BESS in the multi-port converter, as seen in Figure 1.4, removes the direct
connection of the PV to the distribution network. This eliminates the possible voltage sway created
by either a large surplus or forecasting errors. Using a BESS, the multi-port converter can respond
instantly to power changes if an imbalance occurs due to the fast power switches.

• Optimisation: The merging of each DER EMS to a single centralised EMS removes the need for
coordination between the DER. If the DER elements were previously uncoordinated, which is cur-
rently the case, the merged EMS will optimally control charging patterns and improve load flexibility
(during possible curtailments). Furthermore, a more detailed summary of information can be given
to the end-consumer.
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A downside of the multi-port converter is the cost of installation for people who already have already
invested in individual converters. Using a multi-port converter, the integration of PV, EV and energy
storage systems ESS has improved efficiency, economic performance and controllability [19]. Furthermore,
the uncontrollable and unpredictable nature of RES is partly diminished by the direct connection to the
BESS. However, if not monitored or controlled, the multi-port converter could still cause problems in a
technical, financial and operational way.

1.3. Challenges for the Distributed Service Operator (DSO)
The arrival of ADN and the multi-port converter brings novel opportunities for the DSO. Using these
developments, applications as power flow, voltage management and ancillary services as DG and load
control become possible [15].

These opportunities imply that the DSO has to monitor and control the distribution network actively
and account for the influence of the multi-port converter on the network voltage. To prevent hazards, the
DSO needs to model the voltage in the network and perform control limitations (setpoints active/reactive
power) accordingly.

The modelling of voltage can be negatively influenced by uncertainty. To minimise these effects, the
DSO can use the following techniques:

• Forecasting: The elements which are bound to uncertainty in an ADN are:

– Loads: Although for individual users hard to predict, load patterns are already used by DSO
and TSO to match supply and demand. They vary day to day between users and are seasonally
dependent

– PV generation: The generation of PV can vary due to weather conditions and seasonal changes

– EV departure/arrival time: People could arrive late or leave early and therefore disrupting the
(dis)charging

• Prediction and prevention: By using horizon prediction or day-ahead scheduling, many hazards
can be predicted using the data of the multi-port converters in combination with forecasting. By
using the system support of the multi-port converter, prevention methods can be applied to remove
the hazards prematurely.

With the techniques and capabilities offered by the development of technology, the DSO can increase
the capacity efficiency of the distribution network within the voltage limits.

1.4. Research goals
This study focuses on developing a control system in an active distribution network that can utilise the
benefits of the multi-port converter and can help the DSO prevent voltage deviation. This is needed to be
able to use the distribution network for the coming decades reliably.

Therefore, the research goal is:

"Designing a control structure, which can use a network of multi-port converter energy man-
agement systems, to prevent and correct voltage deviations in a low voltage feeder"

As the transition in the distribution network is gradual, two additional sub-goals are set:

1. Designing a control structure that is capable of both gradual deployment and full occupancy

2. To create an EMS which is capable of removing real-time hazards under partial and complete occu-
pancy



6 1. Introduction

1.5. Thesis contribution
In this research, a hierarchical control structure is developed capable of preventing and correcting voltage
violations in a distribution network (in advance). This control structure uses the multi-port converter to
accomplish the correction and prevention of violations on multiple time scales. Intertwined controllers
inside the multi-port converters’ EMS have been developed to realise real-time control and optimal charge
schemes. Gradual deployment is considered to incorporate the control structure into an existing distribution
network.

This thesis distinguishes itself by providing the combination of (active power control (APC)) and (re-
active power control (RPC)) for voltage management. Furthermore, various existing voltage management
methods are combined, where usually only a single correction method is used.

1.6. Outline of the thesis
• Chapter 1: Introduction

A brief introduction of the current challenges in the distribution network and the corresponding
opportunities that arrive by changing to an active distribution network. Additionally, the multi-port
converter is introduced and the research goal is stated.

• Chapter 2: Background
This chapter covers the background on a wide range of present and upcoming voltage regulators in
the distribution network. Moreover, the state of the art in voltage deviation techniques are discussed.

• Chapter 3: Active distribution network model
The IEEE European low voltage feeder is introduced, and the corresponding inputs are defined.
These include the real-life data input of PV, load profile, EV arrival/departure time and electricity
price. Furthermore, the error in the PVforecast and load data is discussed.

• Chapter 4: Energy management model
This chapter formulates the optimisation scheme of the multi-port converter EMS. This formulation
includes the energy balance, battery degradation, constraints and cost function.

• Chapter 5: Active distribution network controller
Chapter 5 debates the chosen control structure and its model implementation. The interaction be-
tween the various control layers is explained and debated. The various methods to prevent and correct
voltage deviations on a large time scale are described and reviewed on effectiveness.

• Chapter 6: Reference tracker and real-time controller
Chapter 6 focuses on the real-time controller and reference tracker. It explains why a real-time
controller is needed and the additional data required to do so. Furthermore, it gives the mathematical
formulations of the reference tracker and the real-time controller.

• Chapter 7: Results
This chapter shows the overall performance of the implemented control scheme. Several correction
methods are compared based on the number of multi-port converters and seasonal changes. Further-
more, the impact of real-time control on the voltage deviation is shown.

• Chapter 8: Conclusions and Future Work
In the last chapter, a summary of the findings of the thesis is given. The research goal is reviewed,
and conclusions are made. Recommendations are made on possible future work.



2
Background

Arising problems in the low voltage passive distribution feeders have gained a lot of attention due to the
increase in DER. Firstly, this chapter explains how voltage changes occur in a distribution network with
active and reactive power. Secondly, the various voltage control techniques in both passive and active
distribution networks are discussed. Lastly, state of the art on voltage mitigation and prevention techniques
are mentioned.

2.1. Background
Voltage problems occur by exceeding the load and generation capacities of the distribution network. From
Figure 1.3, the voltage drop in a distribution network with loads is given by:

VH =VE + I (R + j X ) (2.1)

where VH and VE are the feeder head and feeder end bus voltage, R is the resistance, X is the reactance of
the distribution line and I is the current through the distribution line determined by:

I = P − jQ

V ∗
E

(2.2)

where P is the active load, Q is the reactive load and ∗ is the complex conjugate.
Filling in Equation 2.2 in 2.1 yields:

VH =VE +
(

P − jQ

V ∗
E

)
(R + j X ) =VE + RP +XQ

V ∗
E

+ j
X P −RQ

V ∗
E

(2.3)

Equation 2.3 can be approximated by only the real part as the angle difference between VE and VH is small.

VH ≈VE + RP +XQ

V ∗
E

VH −VE ≈+RP +XQ

V ∗
E

∆V ≈ RP +XQ

V ∗
E

(2.4)

Equation 2.4 shows that besides active power, reactive power can be used to change the voltage favourably.
This can be done by injecting/absorbing reactive power in the opposite direction to active power.

However, the result of this injection/absorption, compared to active power, is less due to the reactance
being low in a distribution feeder (high R/X ratio) [20]. Furthermore, there is a tradeoff between reactive
power to create a voltage difference and power losses. The power loss is defined as:

I 2R =
(

P 2 +Q2

V 2
R

R

)
(2.5)

The losses increase when reactive power is used. Besides the losses, there are certain limitations on
reactive power, both regulatory and physical. Regulatory, reactive power in DG has to oblige to a particular
power factor. The power factor can be seen in Figure 2.1 and is described as:

cos(θ) = p f = P

S
(2.6)

7
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Figure 2.1: A representation of the power triangle with real, reactive and apparent power. Under current regulations the power factor
θ can not exceed a certain angle [21].

where p f is the power factor, θ is the phase angle, P is the real power, and S is the apparent power.
The current regulations are a maximum p f of 0.9 [22]. This means the max reactive power is limited by:

Qmax =P

√
1−p f 2

p f 2
(2.7)

Physically, the amount of reactive power is limited by the inverter apparent power rating (Smax) and
the active power usage of the inverter. The physically maximum amount of reactive power is:

Qmax =
√

S2
max −P 2 (2.8)

A schematic representation can be seen in Figure 2.7a. This limitation in operation range may result that
reactive power alone is not enough to improve the voltage profile [23].

The reactive power itself is generated by the phase between the network voltage and the current. The
switches inside the multi-port converter can alter the phase. By actively changing this phase, more or less
reactive power can be injected or absorbed.
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2.2. Control methods voltage mitigation
Now that the basics of voltage changes have been explained, the focus shifts to the techniques preventing
voltage violations. Various studies have been performed to prevent or mitigate voltage problems. In [13,
20, 23–25], overviews are given of the different methods in low voltage feeders with (high) penetration of
PV panels. A composition of techniques is presented in Figure 2.2.

Figure 2.2: Overview of methods for voltage violation mitigation [23].

Each of the methods shown in Figure 2.2 will be discussed to give a broad view of the methods available
to prevent voltage violation.

2.2.1. Voltage control methods in passive distribution network
The methods marked green in Figure 2.2 are the methods that currently are used in the distribution network.
These can be controlled or uncontrolled. The only one without any possibility for control methods is
feeder enhancement. Feeder enhancement is replacing cables to cope with higher energy demand. As
stated previously, replacing a large part of the feeder is not economical or ecological justifiable, and the
problem can quickly reoccur if penetration of DG increases. The traditional methods for voltage mitigation,
which can use a form of control, is on-load tap changer (OLTC) transformer, (automatic) step voltage
regulators (SVR), (voltage-controlled) capacitor bank (CB), static compensators (STATCOM) and active
power control (APC).

An OLTC is a transformer that adjusts its secondary voltage based on the distribution network’s voltage
level or power consumption. The voltage or current can be either measured or estimated [23]. The voltage
on the secondary side is changed by moving the tap position of the secondary coil, as seen in Figure 2.3a.
Similar to OLTC, the (automatic) SVR changes the voltage using transformers but is located alongside the
distribution feeder and is primarily used when the network distances are long. The schematic representation
can be seen in Figure 2.3b.
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(a) A schematic representation of the mechanical OLTC. It can
change from tap position 3 to 4 by moving (increasing the turn ratio)
the diverter and thereby decreasing the voltage [26].

(b) Schematic diagram of an automatic SVR [27]. Changing the turn
ratio can be used to increase the voltage of one of the three phases.

Figure 2.3: Two implementations of tap changing voltage regulators

A voltage-controlled CB switches on to increase the voltage as needed. Besides the change in voltage,
the capacitance of the CB can improve the power factor as it becomes less lagging. STATCOM is a
reactive power compensating device capable of generating and absorbing reactive power using a switching
converter. The output can be varied and accurately controlled by the operator. STATCOM is mainly used
to compensate large consumers such as factories.

The use of methods like OLTC transformers, automatic SVR and voltage-controlled CB no longer suf-
fice for controlling the voltage [13, 25]. For OLTC and (automatic) SVR, the main reason is frequent
operation due to rapid voltage changes and slow switching times. CB only works when there are loads
in the distribution network but fail to improve voltage level or power factor when generation occurs. Fur-
thermore, it is difficult to estimate how much capacitance is necessary and where it should be placed.
Recent improvements of the OLTC decrease the switching time to a few microseconds [18]. However, the
inclusion of a modernised OLTC would require additional changes to the transformer, which we want to
minimise. STATCOM is mainly intended for large users, and adding them to each distribution network is
costly.

The best performing method in a passive distribution network is APC by curtailing, decreasing distri-
bution losses and improving voltage [25]. If uncoordinated, the method curtails the amount of active power
based on the bus voltage and the droop curve, as seen in Figure 2.4.

V

Active power(%)

V
0

100

V imp V imp
V ex V ex

Figure 2.4: An overview of the droop curve used in APC. The control method reacts to the voltage at the bus by curtailing the amount
of active power. In this figure, the red line is for the curtailment of dispatchable loads. With ADN, the green line is used for the
generation of energy which is exported to the distribution network

The method is seen as wasteful and economically unattractive as it directly impacts PV performance.
However, using the multi-port converter, the energy from the PV can be directly stored in the BESS [13, 25].
If not properly coordinated, this droop curve implementation of APC will mainly impact houses at the end
of the distribution network as the voltage deviates more, as seen in Figure 1.3.
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2.2.2. Voltage control methods in active distribution network
Now the methods marked white in Figure 2.2 are discussed. The ADN can combine these various voltage-
mitigation methods such as DSM, (smart) PV inverters and BESS.

The DSM technique can control dispatchable loads (e.g.(water)heating and BESS) to a more desired
time slot. The technique can be used for peak shaving, load shifting and valley filling, as seen in Figure 2.5
[23].

Figure 2.5: The implications of DSM using peak shaving, load shifting and valley filling [28].

An example of DSM would be to charge the EV at a different time to get a lower energy price or to
prevent peak currents based on energy demand in the network. The load shifting in an ADN with liberalised
energy markets is not always performed out of necessity but is often done out of economic aspects. To help
mitigate voltage problems using DSM, a limit of power import/export can be set [29].

To accomplish valley filling and peak shaving capabilities, BESS can be used. BESS has been picked as
the best way to mitigate voltage problems due to high energy density and rapid response [20]. It provides
the DSO benefits and cost savings by raising flexibility in power generation, delivery and consumption
[12]. It does this by providing continuous and reliable power generation and can be used for active power
balancing and voltage regulation at the same time [12]. The application of BESS has increased due to the
rise in DG by PV. BESS can be used centralised (e.g. community battery) or distributed (each individual
has a smaller unit). The distributed BESS outperforms the centralised BESS and can directly store PV
power [23].

BESS can be used for load levelling, arbitrage mode and export curtailment mode, as seen in Figure
2.6.

(a) Load levelling [30]. (b) Arbitrage mode [31]. (c) Export curtailment [32].

Figure 2.6: Three possible implementations of using an BESS in an ADN

In load levelling, as seen in Figure 2.6a, the energy is stored during periods of low demand and used
during peak hours. In arbitrage mode, as shown in Figure 2.6b, the energy is bought during low price hours



12 2. Background

and is sold back to the distribution network when the price is high. Export curtailment in Figure 2.6c stores
the energy, of the PV, in the BESS when local generation exceeds local demand but does not sell back to
the distribution network. With the liberalisation of the energy market, it is more common to export energy
from BESS when the price is high. Combining arbitrage and export curtailment methods in the ADN is
vital to prevent voltage violations while maintaining profits for consumers. To avoid additional curtailment
of the PV, the export curtailment method should allow the energy export when the PV generation level
decreases.

The DC/AC inverter needed to convert the DC solar-PV power to AC power can be an effective mean for
continuous voltage regulation due to the significant amount of reactive power support [24, 25]. Currently,
inverter interfaced DG are not permitted to control voltage locally [13]. This is done as DG by PV is at
the moment too small to impact the voltage, and it could interfere with OLTC and SVR controllers [33].
The addition of reactive power shows improvement in the amount of energy the distribution network can
handle. Expanded use of reactive power is expected [13, 34].

The continuous voltage regulation of a PV system can be seen as the green part of Figure 2.7a. It is
capable of injecting and absorbing reactive power but only capable of exporting active power. The voltage
regulation can be improved upon if the PV is coupled with an BESS. This adds the import capability seen
in Figure 2.7a as the red part. The combination of PV and BESS make a four-quadrant operation possible.
In Figure 2.7b, an example is given using APC to limit the amount of possible export.

P 2 +Q2 = S2

+P

+Q

−P

−Q

Export

Import

A
bs

or
pt

io
n

Injection

(a) A four-quadrant operation of a bidirectional inverter.

P 2 +Q2 = S2

+P

+Q

−P

−Q

P max
conv

(b) A four-quadrant operation of a bidirectional inverter limited by
APC. In this example, the amount the PV-inverter can export is lim-
ited. This is needed when an overvoltage situation appears.

Figure 2.7: The four-quadrant operation of a bidirectional inverter with (2.7b) and without (2.7a) APC. The green part of the positive
P is the generation of energy exported to the distribution network. The negative P in red is importing energy from the distribution
network.
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An uncoordinated bidirectional AC/DC inverter can be used in several ways. A conservative imple-
mentation is zero current injection, limiting the output to match the load but never injects any power back
into the distribution network. This results in a decline of the PV generation capacity and is therefore un-
favourable. APC based on the local voltage and the droop curve, similar to Section 2.2.1, can be applied to
curtail active power in the inverter, as seen in Figure 2.8a. Using RPC based on the local voltage level and
the droop curve, reactive power can be absorbed/injected, as seen in Figure 2.8b.

V

Active power(%)

V
0

100

V i mp V i mp
V ex V ex

P

Q

Qconv

Pconv

Sconv

(a) Voltage based APC by curtailment of a four-quadrant inverter
(striped region).

Reactive Power

V

−Qmax
comp

Qmax
comp

0.9 0.95

1.05

1.1

P

Q

P set
conv

Qmax
conv

Smax
conv

(b) Voltage based RPC by reactive power injection/absorption of a
four-quadrant inverter. Due to the inverter active power setpoint, it
becomes possible that the amount of reactive power is limited (dotted
region).

Figure 2.8: Two uncoordinated methods of controlling voltage in the distribution network by using bidirectional inverters

As RPC is not always capable of controlling the voltage,[24] the combination of APC and RPC becomes
necessary for voltage management.
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The challenge stated for inverters using PV is proper coordination [25, 35]. The coordination in existing
voltage regulators gives the best result for both active and reactive power [36].

A method of implementing coordination is a fair curtailment dispatch via a centralised controller, as
seen in Figure 2.9a. This aims to curtail via APC every house equally. A similar method curtailing the
active power via voltage "sensitivities" in the distribution network is shown in Figure 2.9b. These voltage
"sensitivities" reflect the change in voltage level based on the active and reactive power of each house.
Voltage sensitivities will be further discussed in Section 5.2.2.

centralised
controller

P max
conv1

P max
conv2

P max
conv3

Feeder length

(a) Fair curtailment dispatch using a centralised controller

centralised
controller

P max
conv1

P max
conv2

P max
conv3

Feeder length

(b) Curtailment dispatch using a centralised controller via voltage
sensitivities of the network. Here, the yellow and orange colour indi-
cates that at these buses, active power contributes less to the voltage
in the network.

Figure 2.9: Two methods of implementing APC in a coordinated way.

Although APC based on voltage sensitivity performs well [36], curtailing active power based on lo-
cation would discriminate against users. It results in certain areas failing to meet energy demand for EV
charging and needing to buy power at a higher price at a different time.

Improved results can be expected by a coordinated hybrid model of APC and RPC [23]. Using the
fair curtailment dispatch as a base, a couple of implementations could emerge. The first uses a droop
curve for the reactive power flow based on local bus voltage, as seen in Figure 2.10a. The second possible
implementation uses an equal amount of reactive power output determined by a power flow model in the
centralised controller, as seen in Figure 2.10b. The third implementation is based on nodal sensitivity, and
the power flow model determines which houses should use their reactive power support, as seen in Figure
2.11 [35].



2.2. Control methods voltage mitigation 15
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(a) Hybrid mode with RPC based on voltage droop curve. Here, the
centralised controller computes the APC, but the RPC is done based
on bus voltage.

centralised
controller

P max
conv1

P max
conv2

P max
conv3

Feeder length

(b) Hybrid mode where reactive power control is equally distributed.

Figure 2.10: Two methods of implementing a combination of APC and RPC.

centralised
controller

P max
conv1

P max
conv2

P max
conv3

Feeder length

Figure 2.11: Hybrid mode where reactive power is based on bus sensitivity. Here, the yellow colour indicates that at this bus, reactive
power contributes less to the voltage in the network.

The disadvantage of the hybrid model with a droop curve RPC is the consummation of too much
reactive power at the end of the distribution network. It will result in more significant distribution losses.
The method that uses an equal amount of reactive power will use more reactive power to achieve the same
voltage change than the sensitivity method. The disadvantage of the sensitivity method is that the shift in
Pconv in real-time can result in a decrease of reactive power due to inverter limits
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2.3. State of the art
This section focuses on state of the art in voltage mitigation and prevention techniques. Each subsection is
focused on a specific method or implementation.

2.3.1. PV inverters
To keep modifications to a minimum, the easiest control method is RPC by PV inverters/multi-port convert-
ers without coordination as done in [37, 38]. In [38] an adaptive algorithm is used for loss minimisation. In
this loss minimisation, a maximum voltage sway is proposed. The voltage sway by PV generation and the
lack of increasing/reducing the voltage enough due to inverter limits removes this as a single solution op-
tion. In [37] coordination is added with additional clustering to prevent voltage violation at critical buses.
The addition of clustering doesn’t improve cost.

2.3.2. (Multiple-stage) coordinated PV inverters
In [39–45] coordination between PV inverters is added to improve performance. In [40, 42, 43] multiple-
stage optimisation are used for PV inverters. In [40] hierarchically RPC is proposed where the upper layer
calculates the PV inverter output and the lower layers respond to real-time variation via droop control.
However, the model is based on linearisation of distribution lines which only work on small systems. In
[42, 43] the linearisation of the model is replaced by an AC power flow model convexified by second-order
cone programming. In [42] it is used for a two-stage robust centralised RPC with APC capabilities, which
tries to maximise the generation capacity taking into account network losses. In [43] a multi-objective
adaptive Volt-VAR control (VVC) is used to minimise voltage deviation and power loss simultaneously.
They prioritise big loads to achieve this, which would be an unfair approach in a residential area. In
[39, 41, 44, 45] in addition to the PV inverter variations of OLTC SVR and CB are installed. In [39]
a multi-time scale coordinated stochastic VVC is used for voltage fluctuations and deviations. It uses
optimal dispatch for OLTC and CB each hour, and 15 min intervals for PV using a mixed integer quadratic
programming. The goal of the VVC is to minimise distribution losses. The model computation uses
linearisation of distribution lines and uses uncontrollable stochastic loads. In [41] OLTC, SVR and PV
are used. They dispatch OLTC and SVR for 15 min intervals and the PV for fast response under moving
cloud conditions. In [44] OLTC and smart inverters using a mixed integer linear programming. It proposes
a system to minimise voltage deviation for unbalanced systems. In [45] a three-stage robust VVC using
OLTC,CB and PV is proposed. The first stage is optimal dispatch of CB and OLTC in a rolling horizon,
the second stage is the smart inverter output dispatch, and the third stage is the reactive droop controller
in the smart inverter. All of the papers focus on using PV inverters to solve the voltage deviation but lack
taking into account the voltage mitigation and prevention effort of DSM, EV or BESS.

2.3.3. Distributed control
In [46, 47] distributed solutions are proposed. In [46] a distributed cooperative framework using consensus-
based droop control is proposed, which regulates the voltage and power-sharing amongst DG. The restoring
of the voltage is done by exchanging data with only the neighbour (distributed) to reach a common goal
(consensus). The network used is small, and if expanded, convergence time would increase. In [47] a
distributed cooperative control of a multi-agent system is proposed. It is using the relation between the
dynamics of the output and the control input (input-output feedback linearisation). It is also performed
on a small scale and does not easily converge to a bigger one. Both do not take into account the voltage
mitigation effort of DSM, EV or BESS as options.

2.3.4. Cost minimisation
In [48–55] methods have been found to optimise the cost for the houses. In [51] EV charging using DSM
is proposed but leaves out the contribution of PV. In the remaining papers, a model predictive controller
(MPC) is used for optimisation. In [53] a cooperative MPC framework is used for sharing between DER
using DSM. It does not take generation by PV into consideration. In [52] users can change their load
strategy to comply with power consumption constraints. However, it does not consider uncertainty. In
[54] a receding horizon MPC as a mixed integer linear programming is used as a multi-energy operational
flexibility assessment. The paper looks at how houses can help solve the voltage issue in a microgrid. No
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EV or BESS is used. In [55] a hierarchical MPC is used for EV charging based on power constraints and
the PV prediction. They do not look at the voltage level. In [50], an MPC for vehicle-to-grid (V2G) to
regulate voltage. It uses the EV inverter for reactive power support and uses a linearisation of the network.
This paper assumes no PV in the distribution network, and therefore the promising results would diminish
if a high penetration of PV would be introduced. In [48, 49] an MPC as mixed integer linear programming
in mixed logical dynamical formulation[56] is used. This is used for the optimisation of DG, BESS and
DSM. They do not take into account EV charging and do not measure the voltage in the network.

2.3.5. Summary state of the art
To summarise the state of the art, there are various methods available to mitigate or prevent voltage viola-
tion. Most literature only focuses on a few techniques, as seen in Table 2.1.

Table 2.1: Comparison of components that can be used in voltage management in the state of the art. The CB in the BESS column
stands for capacitor bank.

Paper RPC APC RPC & APC DSM PV/DG Real-time BESS EV Battery degradation
[40] x x(PV) x
[43] x x x(PV) x
[49] x x x(DG) x
[48] x x x(DG) x
[37] x x x x(DG) x(CB)
[46] x x x(DG) x
[41] x x(PV) x(CB)
[42] x x(PV)
[38] x x(PV) x
[44] x x(PV) x
[50] x
[39] x x(PV) x x(CB)
[45] x x(PV) x x(CB)
[55] x x(PV) x x
[53] x x x(DG) x x
[47] x x
[51] x x(DG) x x
[35] x x(PV) x
[52] x x x(DG) x

This thesis implements all of the above mentioned components and methods. Using the EMS of the
multi-port converters and a control scheme by the DSO, the combination of DSM, APC, RPC, and BESS
become possible. This creates a system that can prevent and correct voltage violations (DSM, APC, and
RPC) and can limit the line power losses (APC and distributed BESS).





3
Active distribution network model

This chapter introduces the model of the low voltage feeder as the distribution network and the correspond-
ing external parameters. Firstly, in Section 3.1, a description of the low voltage feeder’s layout, operation
limits, and operational behaviour is given. Secondly, section 3.2 shows the external parameters and their
errors. The external inputs consist of EV arrival and departure time, EV arrival and departure state of
charge, PV generation, load demand, and electricity price.

3.1. The distribution network
With the introduction of DER and control structure for voltage control, a test feeder is needed to show
medium to long term dynamic behaviour in a residential area. The IEEE European Low Voltage Test
Feeder, as seen in Figure 3.1, is picked to provide a benchmark for this type of dynamic behaviour [57].

Figure 3.1: A single line diagram of the IEEE European LV Test Feeder [58]. Each blue dot represents a house with the corresponding
bus number. The substation, connected to the transmission network, is a transformer positioned in the top-left corner of the network.

As observed in Figure 3.1, the structure of the feeder is radial, and it consists solely of three-phase
cables. The PCC at the substation is a step-down transformer with a capacity of 800 kVA, which transforms
the voltage from 11 to 0.416kV at 1.05 per unit (p.u.). The p.u. is calculated as: [59]

Quantity per-unit= Quantity
base value of Quantity

(3.1)

The low voltage feeder consists of 55 houses, each having a load and being capable of having a maxi-
mum of one multi-port converter. If the house has no multi-port converter, it is replaced by a combination
of PV and EV, which are both uncontrolled. The EV and PV converter are assumed to have the same charg-
ing constraints, generation capacity and efficiencies as the multi-port converter (Table 4.3). An overview
of the grid specifications is given in Table 3.1.

19
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Table 3.1: Network specifications of the IEEE European Low Voltage Test Feeder

Symbol Quantity Value
Smax

tr an Maximum capacity transformer 800 kVA
V0,l→l Line to line voltage at bus 1 (transformer) 416 V (1.05 p.u.)

N Amount of houses 55
V max

l→l Upper limit line to line voltage 436 V (1.1 p.u.)
V mi n

l→l Lower Limit line to line voltage 357 V (0.9 p.u.)

The test feeder is simulated using OpenDSS. OpenDSS is open-source software designed specifically
to represent electric power distribution circuits and distributed planning with DG [60].

The following assumptions have been made while simulating the voltage profile of the IEEE European
low voltage feeder:

• All energy exchange between the network and the houses is assumed to be balanced. No voltage
unbalance should occur.

• The balance of supply and demand of energy is expected to be upheld by the DSO. It is assumed
that the excess generation can be sold back to the feeder at every moment, and enough generation
capacity is available for consumption.

• Current limitations are out of the scope of this thesis and therefore ignored.

• Uncontrollable loads only consume active power (p f = 1). These include AC loads and, if no multi-
port converter is attached to the house, the EV and PV.

Certain specifications of the system are summarised in Appendix listing A. These include line codes
and line characteristics. An overview of the dynamic behaviour of the distribution network is shown in
Figures 3.2 and 3.3.

(a) Losses in the distribution network based on the use of
Active and Reactive power.

(b) Added losses, in percentage, in the distribution network
based on the active and reactive power used.

Figure 3.2: The loss characteristics of the IEEE LV Test Feeder. In both figures, all houses use the same amount of active and/or
reactive power.
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Figure 3.3: Voltage characteristics of the IEEE LV Test Feeder. In all figures all houses use the same amount of active and/or reactive
power.

Figure 3.2 shows the additional losses generated by the use of active and reactive power. Figure 3.2a
highlights the total losses. Reactive power increases losses, and the consumption of apparent power is
more demanding than the generation of apparent power. If, e.g. 10 kW of energy is generated at the
house, distribution losses are made, and less than 10 kW arrives at the transformer. If 10 kW of power
is consumed at the house, more than 10 kW is needed at the transformer. The increase in power in the
distribution for consumption adds additional losses. Figure 3.2b shows the additional losses, in percentage,
in the distribution network. Notably, a lot of energy is lost when little active power is used.

Figures 3.3a and 3.3b show the influence of active and reactive power on the voltage of the bus furthest
away (see position bus 899 Figure 3.1). Although reactive power has a more negligible effect on the
network, it can still raise or lower the voltage significant.

3.2. Data inputs
With the introduction of ADN, additional inputs of DER are added to the distribution network.

3.2.1. PV
The generation of energy by the Maximum power point tracking (MPPT) using PV can vary by generation
capacity and seasonal demand. The data used is collected by a Dutch DSO. The seasonal variation in
production can be seen in Figure 3.4a. The difference between the forecast and actual generation of a
single day is given in Figure 3.4b.
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To simulate a real-life scenario, each house has a varying PV generation capacity, shown in Figure
3.5. A normal distribution with the mean (µ) of 8 kW is used, and the forecast of generation is scaled
accordingly. Besides the scaling of the generation, it is assumed that there is no variation in output between
the houses due to the limited size of the network.
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Figure 3.5: The distribution of maximum PV generation for each house.

The error of PV generation is compensated in the real-time controller, which is discussed in Chapter 6.

3.2.2. Load profile
The load demand of appliances is the sole element used in the passive distribution network. The load
consists of the energy demand used by the electrical appliances and the heat pump. Using record data of
load demand combined with data of electricity use of the heat pump, a profile of average demand during the
year can be made, as seen in Figure 3.6a. The data is collected by a Dutch DSO. The difference between
the forecast of the average load profile and the actual load profile in a single day is shown in Figure 3.6b.
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(a) The seasonal variation of the average load demand. Each line
represents the average load, of all the houses, over a whole month.
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Figure 3.6: Varying load demands due to different seasons (3.6a) and the daily mismatch between forecast and actual demand (3.6b).

However, the load demand usage varies amongst individual users. To give a better representation, the
IEEE European Low voltage test feeder includes load demand profiles, as seen in Figure 3.6a. Scaling these
individual load profiles with the average actual load demand from Figure 3.6b results in a more accurate
load demand in Figure 3.7b.
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(a) The combined load demand profile of 55 houses. These are ran-
domised for each day.

(b) The actual load profile for individual users consisting of the load
demand profiles (Figure 3.7a) scaled to the average actual profile (
Figure 3.6).

Figure 3.7: The transformation of the average actual profile to a more representing actual load profile (3.7b) by using load demand
profile from the IEEE European low voltage feeder test set.(3.7a)

The profiles are generated per day by randomly assigning a unique profile out of the 100 load profiles
available and scaling it to the average profile.

When Figure 3.7b is summed and then averaged, it would result to the actual profile of Figure 3.6b.
Figure 3.8 shows the limited influence of the individual load profiles on the minima and maxima of the
voltage. Still, the individual loads influence the decisions made inside the real-time controller of the multi-
port converter (more in detail in Chapter 6) and are therefore important to take into consideration.
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Figure 3.9 shows the error between the forecast and actual load.
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Figure 3.9: The error between the average forecast of the load and the actual load. Each line represents the error between the average
forecast and the actual load.

A positive variation (Pload ,act −Pl oad , f c ≥ 0) results in a larger voltage drop than anticipated, resulting
in an undervoltage if close to the operational voltage limit. Similar, a lack of consumption (Pload ,act −
Pl oad , f c ≤ 0) during high PV generation will cause an overvoltage. The distribution of load error is given
in Figure 3.10. It appears that the majority of the errors are between -2 and 2 kW. Figure 3.10b and Table
3.2 display that the mismatch in terms of energy usage (kWh) is essentially within 3 kWh over a 15-minute
interval.
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Figure 3.10: Distribution of errors during the whole year for both short duration (Figure 3.10a) and interval (Figure 3.10b)

Table 3.2: Percentage of average error covered in a 15 min interval.

Absolute error (kWh) Percentage covered (%)
0.5 79.24
1 92.28
2 98.30
3 99.660

Although the forecasting is not perfect, the implications of the increased load due to forecasting error
are controllable. This is because the distribution network is only a fraction of the time at capacity limits,
mainly during the summer or winter. To compensate for the load error, the real-time controller, which will
be discussed in Section 6.3, can adjust the control inputs of the multi-port converters.
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3.2.3. EV
The individual EV can vary by arrival/departure time and state of charge, as seen in Figure 3.11. All
55 houses have an EV connected to them, either through the multi-port converter or through a separate
converter. The capacity of the EV has been picked at 100 kWh, similar to popular EV models. A normal
distribution is taken for the arrival and departure times of the EV, as seen in Figure 3.11a. The mean (µ)
of the EV is 8 AM and 6 PM. To decrease cost, users can specify the state of charge for departure. A
normal distribution is taken at 70% for departure and 45% for arriving, as seen in Figure 3.11b. These
minor variations are expected as charging at work will be more available in the future.

0 5 10 15 20

Time [h]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

D
is

tr
ib

u
ti
o
n
 f
u
n
c
ti
o
n

0

2

4

6

8

10

12

A
m

o
u
n
t 
o
f 
E

V
 l
e
a
v
in

g
/a

rr
iv

in
g

departure distribution

arrival distribution

departure EV

arriving EV

(a) Arrival and departure time of the EV. The normal distribution is
on an interval as the car only start charging on the next time step of
15 min.

0 10 20 30 40 50 60 70 80 90 100

State of Charge (%)

0

0.01

0.02

0.03

0.04

0.05

0.06

D
is

tr
ib

u
ti
o
n
 f
u
n
c
ti
o
n

0

1

2

3

4

5

6

7

A
m

o
u
n
t 
o
f 
E

V
 l
e
a
v
in

g
/a

rr
iv

in
g

departure state of charge

arrival state of charge

departure EV

arriving EV

(b) The state of charge when departing and the corresponding arrive
state of charge. The departure state of charge is a minimum.

Figure 3.11: The arrival/departure time and state of charge of the EV.

If the EV arrives at the house with no multi-port converter, the car is immediately charged to the state
of charge level (Ebat ,dep ) at maximum charging level (P max

ev ).

3.2.4. Electricity Price
Caused by a change in demand per hour and seasonal influence, the prices in the ADN are dynamic. An
overview of the seasonal price changes used is shown in Figure 3.12. With the possibility to sell energy
back (feed-in) to the network, this could yield a profit for consumers. The feed-in tariff in the distribution
network is set two percent lower than the purchase price.
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Figure 3.12: The variation of electricity price during the seasons.





4
Energy Management System

This chapter formulates the energy management system (EMS) of the multi-port converter. The EMS is
based on the smart charging system [19]. Starting , Section 4.1 introduces the structure of the EMS, its
function in the multi-port converter and its objective goal. Secondly, Section 4.2 models the AC energy
balance between the house and the distribution network. In Section 4.3, the energy balance inside the
multi-port is analysed. Furthermore, the formulations of individual components are discussed. In Section
4.4, the battery degradation models for both EV and BESS are shown. Section 4.5 presents the cost analysis
of the multi-port and the objective function.

4.1. Energy Management System
The primary function of the EMS is to optimise cost by incorporating data elements. This is necessary to
enhance the versatility and usability of the multi-port converter. These data elements include the forecast
data and user inputs, as mentioned in Chapter 3, and the output of the VMS controller and continuous
updates of state (Ebat and Eev ) and input (Pl oad ,act and P f c,act ) variables. The VMS controller, which will
be further elaborate on in Chapter 5, can set (a combination of) energy import and export restrictions (APC),
reactive power set-points (RPC) and price alterations based on the voltage magnitude of the network. The
continuous update of the state and input is needed to prevent exceeding capacity limits (E max

bat and E max
ev )

and determine forecast errors. These data elements make it possible to calculate optimal control inputs for
charging schedules while maintaining the multi-port converter’s distribution network limits and operational
limits. A visualisation of the data elements and streams of the multi-port converter system is given in Figure
4.1.

27
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Figure 4.1: Overview of the EMS and corresponding data inputs needed for the optimal operation. These consist of the forecast data,
user input, data from the VMS controller, and the multi-port converter’s feedback. The multi-port converter control on the DC side,
as the physical part of the EMS, consist of an EV (dis)charger, BESS (dis)charger and an MPPT for PV. The AC side consist of
non-flexible load demand, containing appliances and the heat pump. The dashed lines are external data inputs, on which the EMS has
no control. The solid lines are data from components surrounding the house.

The various operational limits of the multi-port converter are summarised in Table 4.1.

Table 4.1: System parameters multi-port converter

Symbol Quantity Value
P r ated

PV Installed PV capacity power 10 kWp
P max

ev Maximum EV (dis)charging power 10 kW
P max

bat Maximum BESS (dis)charging power 10 kW
Smax

conv Maximum apparent power rating 10 kVA
θp f Power factor range 0-1
E max

ev Maximum EV capacity 100 kWh
E max

bat Maximum BESS capacity 10 kWh

Each of the converter blocks in Figure 4.1 is capable of handling 10 kW. This means when the PV
provides 10 kW, the converter imports 10 kW and the battery and EV charge with 10 kW the maximum
capacity of 20 kW can flow through the multi-port converter.

The goal of the EMS is to minimise the total operational cost within the limitations of the converters
and storage elements. This is achieved by optimising the control inputs of its DC converter components.
These Components are the (dis)charging rate of the bidirectional BESS (Pbat ), (dis)charging rate of the
bidirectional EV (Pev ) and the maximum generation of the MPPT (Ppv ) by PV. Although the EMS has the
additional task of preventing and correcting voltage deviations, this is not specified in the operational cost.
The EMS knows nothing about the voltage magnitude in the distribution network nor its influence on the
distribution network. These are all computed in the VMS, which will be discussed in Chapter 5.
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Optimising a large set of control inputs is computationally expensive. Furthermore, with constant up-
dates of state variables and forecast errors, the computation must be recomputed regularly to stay optimal.
However, the period must be significant enough to enable EV charging (long period) and precise enough to
remove forecast errors (short period). Therefore, the challenge is to combine fast response, high accuracy
with a large prediction horizon. By breaking down the EMS into various time scales, as seen in Figure 4.1,
the highly responsive and long prediction horizon can be kept while decreasing the computational burden.

The EMS consists of a three-stage strategy for cost-minimisation (top), correction (middle) and respon-
siveness (bottom). In this chapter, only the top layer will be discussed. The top layer consists of an optimal
charging algorithm, which determines the set-points on a 15-min interval for a full day (96 time steps). This
cost minimisation is integrated into a moving horizon window, as seen in Figure 4.2, The moving horizon
window implementation helps correct forecast errors by updating control inputs each iteration to the cur-
rent state. By only implementing the first step of the computed control sequence, the charging scheme can
quickly adapt to changing constraints or set-points after only 15 min.

Figure 4.2: This figure shows the moving horizon window principle. In the top figure, the control input is computed over a prediction
horizon with length N to get the output to a predefined set-point with minimal cost. While the control input is calculated from time k
till k +N , only the control input from k till k +1 is implemented. At k +1 the prediction horizon is moved one step to the right. From
here, the optimal control input is calculated again, within the new horizon, to get to the output to the (new) set-point with minimal
cost [61].

The second and third stages fulfil the purpose of reference tracking and real-time control on a one-
minute interval and real-time, respectively. These actions are computed within the 15 minute time frame of
the optimal charging algorithm, as seen in Figure 4.3. The reference tracking and real-time controller are
explained in depth in Chapter 6.
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Figure 4.3: The different time schemes of the different layers in the EMS. The optimal charging scheme computes over a 96 step
prediction horizon of 15 minute intervals. Inside the 15 minute interval, the reference tracking computes on the interval of 1 minute
with a prediction horizon N. Within that 1 minute interval, the real-time controller continuously computes and updates.

The following assumptions are made in the EMS for simulation purposes:

• The EV arrival charge (Eev,ar r ) is known by the EMS. This value can be continuously estimated and
transmitted from the EV to the EMS.

• No unexpected departure. If the EV is available (EVavai l ) for (dis)charging at the multi-port con-
verter, it will remain until the departure.

• The stated arrival and departure times are expected to be upheld. The EMS can satisfy this assump-
tion by disabling the (dis)charging 30 minutes before departure (kdep ) and only start 30 minutes after
the expected arrival time step (kar r ).

• The forecast data and user input remain constant between iterations of the moving horizon. The
Ppv, f c and Pload , f c will not change.

• The battery cells of BESS and EV are assumed to be made out of the same material. Therefore the
same degradation method can be used.

• Only the cost of the battery degradation is taken into account. The battery will remain at its peak
capacity (E max

bat /E max
ev ) as the simulation period is short (2 days).

The rest of the chapter look at all the individual components needed for computing the optimal charging
scheme.

4.2. AC Power balance
Besides a multi-port converter (Pconv ), each house possesses an additional AC load (Pload ), consisting of
the energy demand of the household appliances and the heat pump. These AC loads are assumed to be
non-flexible. As mentioned in Section 3.1, it is assumed the generation/feed-in capacity of the distribution
network is sufficient to match the power at all times. The power balance, on the AC side, is modelled as:

Pg r i d (k) = Pconv (k)−Pload (k) ,∀k (4.1)

where k is the optimisation time step, and Pg r i d is the amount of power exchanged between the distribution
network and the house. If Pg r i d is positive, the combined load of the multi-port converter and AC load is
feeding energy to the distribution network. An overview of the energy flows is shown in Table 4.2.
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Table 4.2: Indication of power flows regarding the multi-port converter.

Symbol Meaning
Pg r i d (+) Energy from the multi-port converter to the distribution network (exporting)
Pg r i d (−) Energy from the distribution network to the multi-port converter (importing)
Pconv (+) Feeding power into the distribution network (exporting)
Pconv (−) Draw power from the distribution network (importing)

Pev (+) Energy to the EV from the multi-port converter (charging)
Pev (−) Energy from the EV to the multi-port converter (discharging)
Pbat (+) Energy to the BESS from the multi-port converter (charging)
Pbat (−) Energy from the BESS to the multi-port converter (discharging)
Ppv (+) Energy from the solar panels to the multi-port converter.

The following constraints are added to Pg r i d :

Pg r i d ,ex (k) ≤ P max
g r i d ,ex (k) ,∀k (4.2a)

Pg r i d ,i mp (k) ≤ P max
g r i d ,i mp (k) ,∀k (4.2b)

Pg r i d (k) =− 1

ηg r i d
Pg r i d ,i mp (k)+ηg r i d Pg r i d ,ex (k) ,∀k (4.2c)

Here, "imp", "ex", and "max" stand for import, export and maximum. ηg r i d is the efficiency of the
cables running from the distribution network to the house, and P max

g r i d ,ex/i mp is the capacity limits of the
distribution lines. An overview of the efficiencies is shown in Table 4.3. Equation 4.2c is split into two
parts, and the efficiencies are added to prevent importing and exporting simultaneously.

Table 4.3: Efficiency of converter blocks and components in the multi-port converter.

Symbol Meaning Value
ηmppt Efficiency of MPPT 98%[62]
ηev (Dis)charging efficiency EV 97.5%[63]
ηbat (Dis)charging efficiency BESS 97.5%[63]
ηconv Importing/Exporting Converter efficiency 97%[64]
ηg r i d Cable efficiency importing/exporting 99%

4.3. Multi-port converter interactions
The equilibrium consists of the DC part of the AC/DC converter and the 3 DC/DC converters seen in Figure
4.1. The DC-part of the multi-port converter is balanced as:

Pconv (k) = Ppv (k)−Pbat (k)−Pev (k) ,∀k (4.3)

Here, Pbat /Pev are the energy exchange between the converter and the BESS/EV, and Ppv is the generated
electricity by the MPPT obtained from the PV. The constraints of the converter on the DC side are as
follow:

Pconv,ex (k) ≤ P max
conv,ex (k) ,∀k (4.4a)

Pconv,i mp (k) ≤ P max
conv,i mp (k) ,∀k (4.4b)

Pconv (k) =− 1

ηconv
Pconv,i mp (k)+ηconv Pconv,ex (k) ,∀k (4.4c)

Here, P max
conv,ex/i mp are the capacity limits of the AC/DC converter. When the DSO, via the VMS controller,

needs to limit the exchange capabilities of the multi-port converter, the P max
conv,i mp/ex can be lowered accord-

ingly. Furthermore, the splitting can accommodate limiting only the import or export of energy, thereby
maximising the possible control input.

As the elements of Equation 4.3 are controllable, further explanation of these dynamics are necessary.
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4.3.1. PV
The expected MPPT generation by PV is based on the forecast of the PV. It is formulated as:

Ppv (k) ≤ ηmppt Ppv, f c (k) ,∀k (4.5)

where ηmppt is the MPPT efficiency and Ppv, f c is the forecast of PV power, as shown in Chapter 3. The
≤-sign in Equation 4.5 is used to accommodate the curtailment of PV power in the optimisation. If an
excess of PV power could result in exceeding battery limits or an increase in cost, the optimisation can
pick a lower Ppv to remain feasible and optimal.

4.3.2. Battery energy storage system dynamics
The charging and discharging dynamics of the BESS are implemented as:

Pbat (k) = ηbat ,chPbat ,ch(k)−1/ηbat ,di s Pbat ,di s (k) ,∀k (4.6a)
0 ≤ Pbat ,ch(k) ≤ 10 ,∀k (4.6b)
0 ≤ Pbat ,di s (k) ≤ 10 ,∀k (4.6c)

Here, "ch" and "dis" stand for charging and discharging. Pbat ,ch and Pbat ,di s are the (dis)charging rate of
the BESS.

The state charge is modelled as:

Ebat (k +1) = Ebat (k)+Pbat (k)∆k , for 1 ≤ k ≤ N −1 (4.7)

where Ebat is the battery charge, N is the prediction horizon length, and ∆k is the 15 minute time
interval. The initial and final value of the state are defined as:

Ebat (k) =
{

Ebat ,i ni t , for k = 1

Ebat , f i nal , for k = N
(4.8)

Here "init" stands for initial. To give a fair price comparison the initial charge is set equal to the final
charge.

Ebat ,i ni t = Ebat , f i nal (4.9)

To extend battery lifetime, a minimum charge of 10% and a maximum charge of 90% is picked. To
prevent problems regarding real-time control, soft constraints (E (+/−)

bat ,so f t ) are added. These soft constraints
make exceeding the previously set limits possible at a very high cost, as shown in Figure 4.4. The benefit of
these soft constraints is that the model does not become infeasible if slightly exceeded. If they do exceed,
the optimisation will prioritise them to get within the state boundaries as quickly as possible due to the high
cost. The state constraints with soft constraints are formulated as:

Ebat (k) ≤ 9+E (+)
bat ,so f t (k) ,∀k (4.10a)

Ebat (k) ≥ 1−E (−)
bat ,so f t (k) ,∀k (4.10b)

0 ≤ E (+)
bat ,so f t (k) ≤ 0.5 ,∀k (4.10c)

0 ≤ E (−)
bat ,so f t (k) ≤ 0.5 ,∀k (4.10d)
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Figure 4.4: The cost function of the battery state (Ebat ) per charge level. Only if the 10% or 90% is exceeded cost are added. If the
red line is exceeded at 0.5 or 9.5 the model becomes infeasible.

An example of battery state Ebat over the prediction horizon is shown in Figure 4.5. The blue line
indicates the optimal battery charge Ebat . The light green and light red planes indicate the possible opti-
misation range. The dark green and the dark red strips show the potential (dis)charging. If the battery is
empty, discharging is impossible, and the red strip diminishes (e.g. at 9 PM). In a full battery, charging be-
comes impossible (e.g. at 5 AM). The range of the (dis)charging per time step differs based on the battery’s
current state Ebat . If the battery is already charging (e.g. 3 PM), the potential charging decreases while the
discharging increases.

Figure 4.5: An example of Ebat over the prediction horizon.

4.3.3. EV dynamics
The EV is modelled similar to the battery. These include the same maximum (dis)charging power and
converter efficiency. EV , if compatible, can be charged up to 240 kW [65]. However, the capacity limit
of the distribution network can not cope with this high peak demand for EV charging. Furthermore, the
investment cost would increase significantly. The difference in (dis)charging dynamics between BESS and
EV is the availability of the EV . With this slight alteration, the (dis)charging dynamics are modelled as:

Pev (k) = EVavai l (k)(ηev,chPev,ch(k)−1/ηev,di s Pev,di s (k)) ,∀k (4.11a)
0 ≤Pev,ch(k) ≤ 10 ,∀k (4.11b)
0 ≤Pev,di s (k) ≤ 10 ,∀k (4.11c)

Where EVavai l = 1 means the EV is available for (dis)charging and Pev,ch and Pev,di s are the corre-
sponding positive and negative charging capabilities.

The EV state charge does not include the EVavai l variable, as the EV uses power for driving and can
dis(charge) at a different location. This state dynamic of the EV is modelled as:

Eev (k +1) = Eev (k)+ (Pev (k)−Pdr i ve (k))∆k ,∀k (4.12a)
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where Eev is the charge of the EV, Pdr i ve is the power usage of the EV when not connected to the
multi-port converter.

The value of Pdr i ve is determined by the difference of expected arrival and departure charge (Eev,ar r /dep )
over the period that the EV is not available for (dis)charging at the multi-port converter (EVavai l = 0):

Pdr i ve (k) =
{ Eev,ar r −Eev,dep

kar r −kdep
,EVavai l (k) = 0

0 ,EVavai l (k) = 1
(4.13)

Here, "dep" and "arr" stands for departure and arrival. Eev,ar r is the arrival charge, Eev,dep is the departure
charge, kdep is the time step on which the EV departs, and kar r is the arrival time. These inputs are defined
by the user and vary between users, as shown in Section 3.2.3.

The operating range of the EV has been set between 20% and 80%.Furthermore, a minimal charge for
the departure time step is set. Similar to the battery, soft constraints are added. The state constraints are
formulated as:

Eev (k) ≤ 80+E (+)
ev,so f t (k) ,∀k (4.14a)

Eev (k) ≥ 20−E (+)
ev,so f t (k) ,∀k (4.14b)

0 ≤ E (−)
ev,so f t (k) ≤ 2.5 ,∀k (4.14c)

0 ≤ E (+)
ev,so f t (k) ≤ 2.5 ,∀k (4.14d)

Eev (k) ≥ Eev,dep −Eev,dep,so f t , for k = kdep (4.14e)

Here, E (+/−)
ev,so f t is the soft constraint for the state variable, and Eev,dep,so f t is the soft constraint for the

departure state. The departure soft constraint is added to keep the model feasible even when the Eev is not at
the required level. This may occur due to significant forecast errors. Suppose the moving horizon continues
and kdep is close to the start of the moving horizon window (e.g. kdep = 3). In that case, a considerable
forecast error could result in discharging the EV to prevent voltage violation. To prevent Eev,dep,so f t from
being used without the necessity for it, a high penalty is added to the soft constraints, so only in emergency
scenarios would the system opt for going under the predefined set-point.

To give a fair cost evaluation, similar to the battery, the initial charge is set equal to the final by:

Eev,i ni t = Eev, f i nal , if k = 1 (4.15)

This is only done for comparing the cost over a whole day (the first iteration of the moving horizon), but
not when using the moving horizon starts (k>1). If used in the moving horizon and the EV is unavailable
during the final step (k = 96), the charge can not be changed. If an error occurs to the state Eev , this will
result in an infeasible solution. An example of the charging pattern of the EV (Eev ) is shown in Figure 4.6

Figure 4.6: An example of Eev over the prediction horizon. A gap in the optimisation range occurs due to the absence of the EV at
this time. The red dots indicate the minimum charge needed for the EV, as set by the user. In this example, the EV chooses a different
path, as seen by the blue line and blue dots, and departs with a higher charge. When the EV arrives back at the house, the optimisation
is free to choose its path instead of going to a fixed final point.
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4.4. Battery degradation
The (dis)charging of the EV and BESS is a vital part of the multi-port converter. These components enable
opportunities as real-time control, demand side management (DSM) and direct PV to BESS capability.
Therefore, to have a realistic operational cost, a battery degradation model is included in the optimisation.
This model is used for both EV and BESS. Both models are based on the lithium-ion Nickel-Manganese-
Cobalt cells. Besides its compact size, it has a high power density, fast (dis)charging rate, relatively long
life and is resaleable. For operation characteristics, the cells of the batteries are assumed to be operating at
35 degrees Celsius. The constant operation at this temperature can be considered, as modern EV possesses
active cooling. The temperature in the house is always around 20 degrees Celsius due to the heat-pump
cooling and heating capabilities.

To compute the operational cost due to battery degradation, the daily capacity loss ∆Ebat ,dC ap,tot is
determined. To determine the daily capacity loss of a single cell, the following model is used: [66]

∆Ebat ,dC ap (k) = B1eB2 Ibat (k)Ibat (k)∆k
E max

bat

100
,∀k (4.16a)

∆E tot
bat ,dC ap =

N∑
k=1

∆Ebat ,dC ap (k),∀k (4.16b)

Here, Ibat is the current rate, Ibat∆k is the ampere-hours processed, and ∆EdC ap (k) is the lost capacity
per time interval. The pre-exponential factor B1 and exponential factor B2 are constants as the temperature
remains at the same level. Table 4.4 summarises all the pre-exponential and exponential factors. To go

from percentage to actual capacity loss, in Equation 4.16a,
E max

bat
100 is added [66].

In Equation 4.16a, the current rate Ibat is unknown. The current from or to the battery cells can be
computed as:

Ibat (k) = |Pbat (k)|
Npar al l el ,bat Voc,bat (k)

,∀k (4.17)

Here, Voc,bat is the battery’s open-circuit voltage, and Npar al l el is the number of cells set in parallel. The
Voc,bat is fitted to a curve determined by: [67]

Voc,bat (k) = p1eα1SoCbat (k) +p2eα2SoCbat (k) +p3SoCbat (k)2 ,∀k (4.18)

Here, p1−3 and α1−2 are fitting parameters, shown in Table 4.4. To get an open-source voltage comparable
to existing batteries, the cells have been set in a series of 100 (Nser i es). These cells are put in parallel
(Npar al l el ), to reach the predefined capacity (Ebat /Eev ). The only difference in the degradation model
between BESS and EV is the number of battery cells in parallel, as seen in Table 4.4.

The state of charge in Equation 4.18 can be calculated as:

SoCbat (k) = Ebat (k)

E max
bat

,∀k (4.19)

Table 4.4: Constants of the battery degradation model.

Symbol Quantity Value
N par al l el

bat Number of battery cells in parallel for BESS 14
N par al l el

ev Number of battery cells in parallel for EV 145
N ser i es

cel l Number of battery cells in series 100
p1 Voc (k) curve fit parameter 3.679
p2 Voc (k) curve fit parameter -0.2528
p3 Voc (k) curve fit parameter 0.9386
α1 Voc (k) curve fit parameter -0.1101
α2 Voc (k) curve fit parameter -6.829
B1 Ageing curve fit parameter 0.00054
B2 Ageing curve fit parameter 0.35
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4.5. Cost analysis
The cost analysis of the multi-port converter is in three categories: the operational cost of components, the
cost of energy demand and the cost of the soft constraints.

The operating cost is the battery degradation of EV/BESS and the investment cost of the PV. The BESS
cost Cbat is calculated by the decreasing value per kWh (Vbat ) due to battery degradation. This is modelled
as:

Vbat =V 0
bat

E max
bat −∆E tot

bat ,dC ap

E max
bat

(4.20a)

Cbat =V 0
bat E max

bat −Vbat (E max
bat −∆E tot

bat ,dC ap ) (4.20b)

Here, Vbat is the current value per kWh of BESS, V 0
bat is the initial value, and Cbat is the cost of BESS

operation.
The second-hand value of the EV deteriorates faster if its capacity drops. In this thesis, it is assumed

that at 80% of its original capacity, the value of the batteries is only 50% of its original value. To incorporate
this increased devaluing, the cost of the EV is:

Cev = (V 0
ev −V 2nd

ev )
∆E tot

ev,dC ap

0.2E max
ev

(E max
ev −∆E tot

ev,dC ap ) (4.21)

Here Cev is the cost of operation of the EV, V 0
ev is the initial value per kWh, and V 2nd

ev is the second-hand
value per kWh.

To incorporate the investment cost of the PV panels, a cost function for the energy generated by the PV
is added:

Cpv =
N∑

k=1
λpv Ppv (k)∆k ,∀k (4.22)

The cost of holding a rooftop PV panel is set to 0.097 euro/kWh [68].
The cost of the energy is calculated by the price and the amount consumed or generated. The cost is

split into import and export (feed-in) as varying prices are used. The cost for the energy is calculated as:

Cg r i d ,i mp =
N∑

k=1
Pg r i d ,i mp (k)∆kλbuy (k) ,∀k (4.23a)

Cg r i d ,ex =
N∑

k=1
Pg r i d ,ex (k)∆kλsel l (k) ,∀k (4.23b)

Cg r i d =Cg r i d ,i mp −Cg r i d ,ex (4.23c)

Here Cg r i d ,i mp is the cost from buying energy from the distribution network to the multi-port converter,
Cg r i d ,ex is the profit from the energy sold back to the distribution network, λbuy (k) is the buying price of
energy at time step k, and λbuy (k) is the selling price of energy at time step k.

The cost of the soft constraints are formulated as:

Cbat ,so f t =α1

N∑
k=1

E (−)
bat ,so f t (k)+α2

N∑
k=1

E (+)
bat ,so f t (k) ,∀k (4.24a)

Cev,so f t =α3

N∑
k=1

E (−)
ev,so f t (k)+α4

N∑
k=1

E (+)
ev,so f t (k) ,∀k (4.24b)

Cev,so f t ,dep =α5Eev,dep,so f t (4.24c)
Ctot ,so f t =Cbat ,so f t +Cev,so f t +Cev,so f t ,dep (4.24d)

where α1−5 is any arbitrary big number.
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The total cost can be formulated as:

Ctot al =Cg r i d +Cbat +Cev +Cpv +Ctot ,so f t (4.25)

The objective function is to minimise the cost of operation. This includes the cost of Energy consump-
tion (Cg r i d ), the operational cost of individual components(Cbat ,Cev , and Cpv ) and cost aspects for soft
constraints (Cso f t ,tot al ).The objective function of the top-layer of the EMS can be formulated as:

minimise
Ppv ,Pbat ,Pev

Ctot al

subject to (4.1−4.25)
(4.26)

The non-linear behaviour of the battery degradation makes this a non-linear programming. Although inte-
ger values are used for EV, they are not part of the decision variables, resulting in a non linear programming
(NLP) instead of a mixed integer non linear programming. The programming model is solved using the
Antigone [69] algorithm in General Algebraic Modeling System (GAMS).





5
ADN control mechanism

As mentioned in Section 1.1, the distributed energy resources (DER) in an active distribution network
(ADN) have a certain degree of responsibility for system support. This system support is coordinated by the
Voltage management system (VMS), which can compute the voltage profile and, if necessary, use the DER
to prevent and correct the voltage deviation. This chapter focuses on the interaction between the optimal
charging algorithm of the energy management system (EMS) and the VMS. Section 5.1 considers the
various possible control structures for this interaction. In Section 5.2, the implemented control techniques
for correction of the voltage deviation are discussed. Section 5.3 presents the different control techniques
for preventing voltage deviations. Finally, Section 5.4 discussed the possibility of reserving generation and
load capacity.

5.1. Control structure
The need for proper coordination between multi-port converters has been explained in Section 2.2.2. As
mentioned in Section 1.1, the power system, as a whole, has a hierarchical control structure. Here, we look
at the supervisory level of the distribution network, where a control structure is still largely absent. The
control structure in the distribution network can be implemented in different ways. These are centralised,
distributed, decentralised and hierarchical control structures, as shown in Figure 5.1.
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converter 3

Multi-port
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Multi port
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EMS 3EMS 1 EMS 2
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Station (VMS)

EMS 4

Centralised Decentralised

Distributed Hierarchical

Figure 5.1: The possible control structures in a distribution network. The red lines indicate direct optimal control inputs for individual
converters. The green lines indicate data exchange containing operational limits (P max

conv ) of the EMS and the required amount of
active power (Pconv ).

In a centralised solution, a single controller will compute, for all houses, the optimal (dis)charging
patterns of the BESS (Pbat ), EV (Pev ) and possible curtailment of the MPPT (Ppv ). The cost function of
Equation 4.26 is expanded to include all decision variables of all the multi-port converters to achieve the
optimal control input. At that same moment the controller is also computing the voltage profile and the
necessary steps to stay within the voltage limit. The EMS and VMS are merged into a single controller. Al-
though this would yield the best optimisation results, resulting in the lowest cost, the computation time will
render it unusable. The computational complexity causes this long computation time due to many depend-
able decision variables and the need to compute the voltage profile in the same controller. Furthermore,

39
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the system does not scale well. If more houses are added to the system, the computational complexity
increases.

The decentralised control structure splits the single central controller into multiple sub-controllers.
These controllers compute all the optimal control inputs for the individual components of the multi-port
converters in their area of control. Compared to a centralised controller, the computational complexity
decreases, as fewer control inputs have to be computed at each sub-controller. The splitting result in a sub
optimal solution, leading to increased cost. Furthermore, a reliable data infrastructure between the sub-
controllers is required, as continuous synchronous data exchange is needed to compute an accurate voltage
profile. If one of the sub-controllers loses connection, the data gap of multiple houses will prevent a precise
voltage profile calculation.

A distributed control structure typically works well for an operation that needs to reach a common goal.
However, each house controller has to fulfil both the function of the EMS and the VMS. It needs to compute
its optimal control inputs and compute the voltage profile of the entire network, which is computationally
expensive. Moreover, to determine an accurate voltage profile, all house controllers need to exchange their
data to all other houses and keep a significant data record. Furthermore, no supervisory control from the
DSO can be implemented, shifting the responsibility of network operation from the DSO to the consumers,
which is undesired.

The proposed structure is, therefore, a hierarchical control structure. This structure divides a single
extensive control program into two smaller ones, as shown in Figure 5.1. The lower part contains the
EMS of the multi-port converter. The top layer of the EMS finds the optimal control inputs Pev , Pbat ,
and Ppv , using the optimal charging algorithm, as stated in Chapter 4. The splitting removes a part of the
computational complexity, as the voltage profile can now be separately computed in the VMS. The EMS
does not need to know any properties of the distribution network or their influence on it. This Master
station, seen as the upper part in Figure 5.1, calculates the voltage profile of the distribution network and
takes corresponding control measures. These control measures are obligatory for the EMS. Compared to
the other structures, the hierarchical structure provides increased privacy as neither EMS nor VMS knows
anything about the system’s decision-making, but only their results. In a centralised unit, all user input is
directly given to the central controller. This is the same for decentralised but on a smaller scale. A dis-
tributed control is more privacy-oriented, but data is exchanged with neighbours instead of a trusted entity
(Master station). In Figure 5.2, an overview is given of the hierarchical control structure and corresponding
interaction.
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Figure 5.2: The proposed hierarchical control structure. The red lines show the Alternating Current (AC) power flow while the blue
is DC. Lines with arrows at both ends are a bidirectional power flows, and a single arrow represents uni-directional flow. The green
blocks are the controllers, and the green lines are the corresponding data outputs/inputs.

Here, Pev ,Pbat and Ppv are the optimal control inputs, Vmag is the voltage magnitude of the house, and
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Qconv is the reactive power control input of the multi-port converter. Vmag and Qconv go directly to the
multi-port converter, as they are computed in the VMS and the EMS have no control over these variables.
Stot al is the total apparent power exchanged with the distribution network.

The data exchange between the EMS and the VMS is limited. The EMS calculates the control inputs
and the corresponding required power (Pconv ) from the distribution network. Only the necessary active
power is sent to the VMS, responding with the voltage magnitude (Vmag ) and one of the three correction
techniques. These correction techniques are APC, RPC or a combination (APC and RPC). These techniques
can combine the limitation of active power (P max

conv ) and a reactive power control input (Qconv ).

5.2. Control model for correction
After discussing the control structure and data exchange between the VMS and the EMS, this section fo-
cuses on the procedure of correcting the voltage deviation. A "correction" in this thesis means the possibil-
ity of removing the voltage deviation by limiting the amount of active power (APC), injection or absorption
of reactive power (RPC) or a combination (APC & RPC). An iterative procedure has been designed. The
flowchart of this procedure is depicted in Figure 5.3.

VMS distribution network

Start

EMS
House

Voltage
profile

computation

Voltage
Violation?

Done

Volt-
VAR

Volt-
VA

Volt-
Watt

Data EMS
HouseData VMS Data EMS

ADN

no yes

Pload , f c ,Pev, f c ,Ppv, f c

Pconv,ADN

Vmag

λsel l ,λbuy ,kdep ,kar r ,Ppv, f c ,EVavai l ,Eev,ar r ,Eev,dep

Pconv

Qmax
conv

P max
conv,i mpor t ,P max

conv,expor t

Qconv

Figure 5.3: Proposed flowchart for correcting voltage violation in a distribution network. The red rectangles are data input, and the
green rectangles are the control methods for correction. The system is finished when no voltage violations are found in the distribution
network, or the iteration limit has been exceeded. The solid lines depict the direction of the flowchart, the dotted lines are for data
inputs, and the dashed lines are data outputs of the corresponding blocks.

Starting off, the optimal control inputs are computed in the top layer of the EMS, based on the user input
and forecasting data. After the optimal control inputs have been computed, the corresponding individual
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active power requirement Pconv of all 96 time steps are determined and send to the VMS. After receiving
Pconv from each EMS in the ADN, the VMS computes the corresponding voltage profile for each time step.
The voltage profile is computed, for each step, based on the expected load profile (Pload , f c ), the energy
demand of each EMS (Pconv,ADN ), but also on the predicted PV generation (Ppv, f c ) and EV demand
(Pev, f c ) from houses which do not have a multi-port converter. If no voltage limit is exceeded, the system
is done. If not, three methods have been developed for the correction of the voltage deviation. These
techniques are Volt-Watt (APC), Volt-VAR (RPC) and Volt-VA (APC&RPC).

5.2.1. Volt-Watt
If selected, in Figure 5.3, the Volt-Watt method limits the amount of energy the AC/DC converter can
import or export. It does this by altering P max

conv,ex or P max
conv,i mp from Equations 4.4a and 4.4b. In total,

96 curtailment segments are computed, one for each time step used for all multi-port converters. After
computing these limitations, the flowchart in Figure 5.3 continues back to the EMS. The EMS optimises
the cost function (Equation 4.26) again with adjusted constraints. This iterates until the voltage violation
is resolved. In the Volt-Watt method, reactive power can be set to zero (Active power only) or a predefined
power factor. As this thesis already looks at reactive power control (RPC), only a uniform power factor
(no reactive power) is used.

The applied method of curtailment is given in Figure 5.4. It uses linear increments to curtail power
import or export, based on the voltage level. If a voltage sag is expected, the import capacity is decreased
for that time interval, and if a voltage swell is expected, the feed-in is limited.

The curtailment step in Figure 5.4 is based on the maximum value or minimum value voltage magnitude
in the distribution network. If, for example, the voltage on a single bus exceeds the voltage limit at k = 5,
all EMS are curtailed on the export at that time step. This means that each time step is checked for voltage
deviations and, if necessary, corrected accordingly.

A static upper bound (Chi g h) is used to prevent large curtailments. This is necessary as the number
of multi-ports may vary, resulting in an overcut if the percentage is not limited. Although this does not
result in an infeasible solution, it will result in higher cost, as the capacity at this optimal point is not fully
utilised. A lower bound (Clow ) is used to prevent small increments. The trade-off has been made between
computational time and accuracy. The maximum divergent for all correction methods have been set to
0.001 p.u. (≈0,4V) within the voltage limits. The effect of the curtailment can be observed in Figure 5.5.
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Figure 5.4: This figure shows the linear increment of curtailment based on the voltage magnitude. The highest (or lowest) voltage
magnitude of all houses is taken to decide the necessary amount of curtailment for all houses. Based on this bus, P max

conv,i mp or
P max

conv,ex is curtailed equally in each house with a multi-port converter.
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(b) EMS optimal control inputs after Volt-Watt

Figure 5.5: Figure 5.5a shows the original optimal control inputs computed by the EMS. After following the control procedure
of Figure 5.3, with Volt-Watt as the correction technique, the curtailed result is shown in Figure 5.5b. The external variation on
P max

conv,i mp P max
conv,ex are the PV generation, the difference in load forecast and variation in charging patterns per house.

5.2.2. Volt-VAR
Instead of limiting the active power (Pconv ), the Volt-VAR method corrects the voltage magnitude of the
distribution network, using only reactive power (Qconv ). As shown in Figure 5.3, the maximum amount
of reactive power (Qmax

conv ) is determined by the EMS. This is because the maximum amount of reactive
power is directly connected to the active power (Pconv ), as stated in Equation 2.8 and seen in Figure 5.6b.
The voltage correction, using Volt-VAR, starts by computing the voltage profile and detects any voltage
violation. Suppose any voltage violation has occured, the amount of reactive power Qconv is computed for
each individual house and time step, determined by the maximum reactive power available at that house
(Qmax

conv ) at that time step. This reactive power is then used to recompute the voltage profile. As the voltage
profile can not improve after adding the max reactive power (Qmax

conv ), the maximum amount of iterations
for Volt-VAR in Figure 5.3 , is set to one.

If the power factor is limited, the maximum reactive power is equal to Equation 2.7, thereby forming
the maximum reactive power of:

Qmax
conv,p f =[0−0.9] = min

(
Pconv

√
1−p f 2

p f 2 ,
√

(Smax
conv )2 −P 2

conv

)
(5.1)

Here, p f is the power factor, and Smax
conv is the apparent power rating of the multi-port converter.
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Three methods are developed for the determination of Qconv . These are droop, sensitivity and incre-
mental control.

Voltage droop control uses a predefined amount of reactive power (QV-curve) corresponding to the
voltage magnitude, as seen in Figure 5.6a. This method uses the maximum (or minimum) voltage in the
entire network to determine Qconv for every multi-port converter.

1 1.050.950.9 1.1

(a) This figure shows the amount of reactive power each multi-port
converter absorbs/injects into the system based on the magnitude of
the voltage extrema computed by the VMS. The dotted red line rep-
resents a possible decrease of Qconv due to inverter limitations, as
shown in Figure 5.6b.

 

(b) This figure shows the limitation of the reactive power injection
or absorption based on the amount of Pconv required by each house.
The green line represents no power factor, while the red line shows
a restricted power factor. The converter to the grid is capable of
handling 10 kVA of power.

Figure 5.6: Overview of the principles needed for voltage droop control.

As Pconv varies, it influences the amount of Qconv that can be absorbed or injected. After determining
the reactive power for each house, the voltage profile is recalculated. After this step, the system is done, as
the number of maximum iterations is reached.

The second method, Volt-VAR sensitivity, determines which multi-port converter should inject reactive
power based on the "sensitivity" of their location in the distribution network. The sensitivity coefficient of
a multi-port converter influences the amount of reactive power needed to alter the voltage magnitude. This
sensitivity coefficient varies between houses. The sensitivity coefficient can be determined by taking the
Jacobian of the power flow equations. The derivation of the power flow equations is stated in Appendix
listing B. The power flow equations for the distribution network are:

Pi =
n∑

j=1
|Yi j ||Vi ||V j |cos(θi j +δ j −δi ) (5.2a)

Qi =−
n∑

j=1
|Yi j ||Vi ||V j |sin(θi j +δ j −δi ) (5.2b)

In these equations, Pi and Qi are the active and reactive powers of bus i, n is the number of buses in the
distribution network, Yi j∠θi j is the admittance of the line running from bus i to bus j, and δi and δ j are
the corresponding angles of bus voltages (Vi ,V j ). The corresponding Jacobian matrix for Equations 5.2a
and 5.2b is: saadat1999power
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Here, bus 1 is assumed to be a slack bus. This bus in the IEEE European low voltage test feeder is
the transformer, which is considered to have a uniform voltage magnitude and phase angle. The Jacobian
matrix shows the linearised relationship between the voltage angle (∆δ) and magnitude (∆|V |) and the
change in active (∆P) and reactive (∆Q) power [59]. The Jacobian matrix can be reduced to:

[
∆P
∆Q

]
=

[
∂P
∂δ

∂P
∂|V |

∂Q
∂δ

∂δ
∂|V |

][
∆δ

∆|V |
]

(5.4)

Taking the inverse, the sensitivity relationship can be described as: [35]

[
∆δ

∆|V |
]
=

[
SθP SθQ

S|V |P S|V |Q

]
︸ ︷︷ ︸

J−1=S

[
∆P
∆Q

]
(5.5)

The second line of Equation 5.5 shows that the voltage has a direct correlation between the active and
reactive power. This leads to:

∆|V | = S|V |P∆P +S|V |Q∆Q (5.6)

In this scenario, the value of multi-port converter Pconv has already been determined, leaving only the
variation from the reactive power (S|V |Q∆Q). Figure 5.7a shows the sensitivity matrix S|V |Q of the IEEE
European low voltage test feeder. The blue colour indicates a high sensitivity. The yellow colour indicates
a low sensitivity. High sensitivity results in a higher voltage correction for the same amount of reactive
power.
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(a) Sensitivity Matrix of the IEEE European low voltage test feeder.
The numbers in the axis are the house numbers. The locations of
these houses are shown in Figure 5.7b

(b) This figure indicates the top 10 most "sensitive" houses of the
IEEE European low voltage test feeder. They are all located at the
end of the feeder.

Figure 5.7: These figures show the sensitivity coefficient SV ,Q of the houses and their position in the distribution network. Figure 5.7a
shows the voltage correlation on reactive power usage between the houses, and Figure 5.7b shows the location of the most sensitive
houses in the low voltage feeder.

The houses with the highest sensitivity are all at the end of the distribution network, as shown in Figure
5.7b. Although less reactive power is needed, more losses are generated due to the length of the distance
to the transformer, as shown in 5.8.
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(a) Losses distribution network with no active power, ranked by the
sensitivity coefficient.

(b) Losses distribution network with 6kW of active power at every
house. If the house has a higher sensitivity coefficient, more losses
are generated when using reactive power. The decrease of losses
when using negative power is due to the reactive power compensa-
tion of the network (making it less lagging).

Figure 5.8: An overview of the losses in the grid compared to the sensitivity coefficient when no active power (Figure 5.8a) and 6kW
active power (Figure 5.8b) is used at each house. In this Figure, house 55 has the highest sensitivity coefficient, and house 1 has the
lowest. The reactive power is only used at that specific house. At all the other houses, the reactive power is zero. The figure indicates
that the houses which have the highest sensitivity coefficient thus can more easily control the voltage using reactive power yields the
highest losses.

The procedure to compute the reactive power (Qconv ) is different from voltage droop control. In this
case, instead of the amount of reactive power needed, the number of houses that use reactive power is
computed. The picked houses have the highest sensitivity coefficient and use all the available reactive
power. To decrease the amount of reactive power, an iterative procedure has been created to increase or
decrease the number of houses based on the acquired voltage profile, as shown in Figure 5.9.
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Figure 5.9: Progression of the number of houses that inject/absorb 100% of the reactive power (sensitivity) or percentage of Qmax
conv

that is injected/absorbed (incremental) in computation iteration t . Based on the calculated voltage profile, the number of houses can
be increased or decreased (sensitivity), or the amount of reactive power can be increased or decreased (incremental).

At the start, if a voltage violation happens at time step k, all houses use their maximum amount of
reactive power. As the voltage profile is updated, it can be checked whether or not the voltage deviation
has been solved. If not, the voltage deviation can not be solved using Volt-VAR. If the voltage deviation
is removed, the number of houses decreases. Based on the voltage profile, the number of houses is either
increased or decreased.

Figure 5.10 demonstrates the iteration procedure of Figure 5.9. It shows the iteration procedure and
increased accuracy. Within 8 iterations the whole active power (Pconv ) range of the multi-port converter
can be corrected. Furthermore, the iteration procedure can be sped up. Only the first iteration has to check
all 96 data frames. All the values which are already within limits or after iteration are with the 1% range,
are removed from the computation.
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Figure 5.10: The top figure shows the results of the iterative procedure, tested on a varying active power scale. It shows the number of
houses used for reactive power support. The bottom figures show the corresponding voltage profile. In this figure, it is assumed that
all houses have 10 kVAR of reactive power available for demonstrative purposes. As this capacity is not always available, a sharper
increase in houses is expected. The negative value is the injection of reactive power, while the positive values are the absorption of
reactive power.

The third method is incremental Volt-VAR. In this method, every house injects the same amount of
reactive power, similar to voltage droop control. However, voltage droop control injects or absorbs a
predefined amount of reactive power, while the incremental Volt-VAR minimises reactive power output. It
does this similar to Volt-VAR sensitivity using the procedure of Figure 5.9. An overview of the iterations
is shown in Figure 5.11.
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Figure 5.11: The top figure shows the results of the iterative procedure, tested on a varying active power scale. It shows the amount of
reactive power each house uses for reactive power support. The bottom figures show the corresponding voltage profile. In the figure,
for demonstrative purposes, it is assumed that all houses have 10 kVAR of reactive power available. As this is not always achievable,
a varying pattern of reactive power support is expected as some houses reach their possible support Qmax

conv earlier. The negative value
is the injection of reactive power, while the positive value corresponds to the absorption of reactive power.

Compared to Volt-VA sensitivity, it can be seen that the Volt-VAR incremental indeed uses more reac-
tive power to compensate minor deviations, as shown in the straight purple line in Figure 5.11, compared to
the more curved line in Figure 5.10. This difference in reactive power usage diminishes when the deviation
becomes more prominent.
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5.2.3. Volt-VA
The Volt-VA method is a combination of the Volt-Watt and Volt-VAR methods. This technique combines
the curtailment of active power and sets control inputs for reactive power control.

In Figure 5.3, after the computation of the voltage profile, the procedure of Volt-VAR is followed. The
required amount of reactive power Qconv is computed for each house and time step, using either Volt-VAR
incremental or sensitivity. Only these two are used as they use less reactive power and are more accurate.
If the reactive power compensation is not enough to remove the voltage deviation, additional curtailment
for P max

conv is computed using the Volt-Watt procedure.
The first iteration in the Volt-VAR procedure is set to 100% to decrease computation time, as shown in

Figure5.9. Namely, if the maximum amount of reactive power is not enough to correct the voltage violation,
all other options will neither. If, after the first computation, the voltage can not be corrected at any of the
time steps, the computation stops. All the computed Qconv will be used, and the procedure continues to the
Volt-Watt. This is done to prevent additional curtailment of Pconv . As in this showcase, only these time
steps still have voltage deviations after reactive power compensation.

5.2.4. Volt-VA optimisation problem
The next possible step would include an optimisation problem. This optimisation problem can be used to
find the optimal reactive power setpoints while minimising distribution losses and replacing the Volt-VAR
step. To decrease computation time, parts of the IEEE European low voltage test feeder distribution lines
have been merged, as seen in Figure 5.12. The number of buses has been reduced from 906 to 110.
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Figure 5.12: A reduced version of the single line diagram of the IEEE European LV Test Feeder.



5.2. Control model for correction 49

This optimisation aims to minimise the power losses caused by the distribution line while staying within
the voltage limit. This optimisation problem can be formulated as:[40]

min
Qconv,i ,V i tc

i

∑
i j∈B

P loss
i j (5.7a)

Qconv,i =−ω
si

(Vi −V i tc
i ) ∀i (5.7b)

Qmax
conv,i ≤Qconv,i ≤Qmax

conv,i ∀i (5.7c)∑
j∈J (i )

Pi j =
∑

h∈H(i )
Phi +Pconv,i ∀i (5.7d)∑

j∈J (i )
Qi j =

∑
h∈H(i )

Qhi +Qconv,i ∀i (5.7e)

V j =Vi −
(Ri j Pi j +Xi j Qi j )

V0
∀i j (5.7f)

P l oss
i j = Ri j

P 2
i j +Q2

i j

V 2
0

∀i j (5.7g)

V mi n
i ≤Vi ≤V max

i ∀i (5.7h)

Here, J , H and B are the child buses, parent buses and the edge set, as shown in Figure 5.13b. V i tc is
the voltage magnitude at which the droop curve cuts the x-axis, Ri j and Xi j are the resistance and reactance
of the line from bus i to j, P loss

i j is the line losses from bus i to j, ω is the control gain of droop control
function, V0 is the voltage at the transformer and Vi is the voltage magnitude at bus i and si the sensitivity
of bus reactive power injection to the bus voltage magnitude.

The linearisation of the lines (V j = Vi − (Ri j Pi j +Xi j Qi j )
V0

∀i j ) does not work for this feeder. It gives a
distinct deviation from the voltage computed by OpenDSS, as seen in Figure 5.13.
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(b) An explanation of the function of child buses (J), parent buses
(H) and the edge set(B) using Equation 5.7d

Figure 5.13: Explanation of the limited use of optimisation, caused by linearised lines (Figure 5.13a) and the description of child and
parent buses (Figure 5.13b)
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5.2.5. Summary
The three methods, Volt-Watt, Volt-VAR, and Volt-VA, to correct the voltage deviation are explained. In
the Volt-VAR, three techniques have been discussed. The overview of performance and losses by using the
Volt-VAR method in the distribution network is shown in Figure 5.14.
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Figure 5.14: Losses and corresponding voltage level with different Volt-VAR techniques. The figure assumes all 55 houses have
a multi-port converter, and the Pconv of all multi-port converters is set to zero. This means every multi-port converter has all its
available reactive power Qmax

conv .

It shows that both the incremental and sensitivity approach outperforms the droop on losses and voltage
regulation. The only benefit of voltage droop is the faster computation time. However, the optimisation
procedures partly diminish the computation benefit. Besides higher losses and worse accuracy, the gradual
deployment of multi-port converter needs recalibration of the linear curve for voltage droop control.

In most cases, Volt-VAR cannot prevent voltage deviations and is a less favourable option for voltage
correction. However, the Volt-VAR is used as part of the Volt-VA procedure. Both Volt-Watt and Volt-VA
are able to correct the voltage deviation.
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5.3. Prevention measures
The VMS has demonstrated how a voltage violation can be corrected in the forecast. Figure 5.15 demon-
strates a problem that can not be corrected but instead should be prevented. The figure shows a situation
in which the voltage violation already has occurred, even without the added demand or generation from
the multi-port converter. This can happen if a large part of the network has no multi-port converter due to
the uncontrolled energy exchange of the EV and PV. The left plot of Figure 5.15 shows a voltage profile
before the addition of the multi-port converter.

Time (h) Time (h)

Voltage profile without compensation from multi-port Voltage profile with compensation from multi-port but
no curtailment added
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Figure 5.15: Voltage profile problems before compensation (left) and after compensation (right). The initial violations (green) have
been resolved due to price changes, and the remaining violations (yellow) can be resolved using Volt-Watt and Volt-VA.

The green part has no guarantee to be resolved, as the optimisation of Chapter 4 wants to minimise
cost, and these time steps might not be optimal to do so. To prevent this, the price is adjusted, as shown
in Figure 5.16. This means that the buying and selling prices (λbuy/sel l ) are increased when the voltage
gets too low (to amplify export) or decreased when the voltage exceeds the limit (to increase import). The
prices are set 1 cent above the maxima for stimulating export and 1 cent below the minima for promoting
the importation of energy.
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Figure 5.16: Price alterations based on exceeding voltage levels. At 8 PM the export and import prices are increased to encourage the
export of energy by the multi-port converter.

In Figure 5.16 the max voltage and min voltage are the maximum voltage and minimum voltage in
the entire distribution network. The voltage violation occurs before the flowchart procedure in Figure
5.3 starts. Therefore a part is added on top of Figure 5.3, resulting in Figure 5.19. Before the iteration
procedure starts, the voltage profile is checked, and the prices are adjusted accordingly. This has to be done
only once per moving horizon step.
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To prevent extra cost for the DSO, the amount of power used at these beneficial prices are reduced by
the correction methods, as presented in Figures 5.17 and 5.18.

Here, in Figure 5.17a the green circles indicate that a price alteration is needed, and they also show
that to much cheap energy is imported as the voltage is far below the maximum operational point. Figure
5.17b shows that the green circles have been corrected to the voltage limit. Furthermore, the other voltage
violations (yellow circles) have been resolved using either active or reactive power.

The result of the Volt-Watt/Volt-VA (APC part) method is shown in Figure 5.18. When price alterations
occur, not only is the system encouraged to import energy, it will curtail its PV power, as shown in Figures
5.18a and 5.18b (green dashed line). This helps to keep capacity for real-time control, which will be further
discussed in Section 6.3.
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(a) The voltage profile after the voltage calculation step for price
alterations and before the first computation of the EMS.
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(b) The voltage profile after the final iteration, using the flowchart in
Figure 5.19.

Figure 5.17: The change in voltage profile before and after the implementation of Volt-Watt or Volt-VA using the flowchart from
Figure 5.19.
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(a) EMS initial optimal control inputs using Volt-Watt/Volt-VA, with
price adjustments at 11-12 AM.
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(b) EMS final optimal control inputs using Volt-Watt/Volt-VA, with
price adjustments at 11-12 AM.

Figure 5.18: Figure 5.18a shows the original optimal control inputs computed by the EMS. After following the control procedure
of Figure 5.19, the curtailed result is shown in Figure 5.18b. The change in P max

conv,i mp is to prevent the multi-port converter from
importing additional cheap energy.
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Figure 5.19: Proposed flowchart for correcting and prevention of voltage violation in a distribution network. The red rectangles are
data input, and the green rectangles are the control methods for correction. The system is finished when no voltage violations are
found in the distribution network, or the iteration limit has been exceeded. The solid lines depict the direction of the flowchart, the
dotted lines are for data inputs, and the dashed lines are data outputs of the corresponding blocks.
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The second prevention method implemented is the reservation of BESS capacity to withstand real-
time forecasting errors. When the EV is unavailable for (dis)charging, the BESS is responsible for system
response. This system response includes the additional import of energy when too much energy is generated
in the distribution network and the export of energy when too much energy is consumed in the distribution
network. This reservation is needed to prevent the battery from reaching its capacity limits, as this results
in a decrease of (dis)charging power. This decrease of (dis)charging power is shown in Figure 5.20.

Figure 5.20: This figure shows the lack of import and export power capabilities at specific time frames when the EV has left the house.
The top figure shows the optimisation range of both the EV (Eev ) and BESS (Ebat ). The bottom figure shows the corresponding
maximum (dis)charging capabilities of the EV and BESS.

By reserving capacity, it is possible to guarantee that the multi-port converter is capable of import-
ing/exporting an additional amount of power. This reservation of energy by the BESS can be achieved by
adding E (+)

bat ,l i m and E (−)
bat ,l i m parameters to state constraints of Ebat , as used in Equations 4.10a and 4.10b.

The constraints for the charge level of the battery become:

Ebat (k) ≤9−E (+)
bat ,l i m(k)+E (+)

bat ,so f t (k) ,∀k (5.8a)

Ebat (k) ≥1+E (−)
bat ,l i m(k)−E (−)

bat ,so f t (k) ,∀k (5.8b)

0 ≤E (+)
bat ,so f t (k) ≤ 0.5+E (+)

bat ,l i m(k) ,∀k (5.8c)

0 ≤E (−)
bat ,so f t (k) ≤ 0.5+E (−)

bat ,l i m(k) ,∀k (5.8d)

The explanation of how the added E (+/−)
bat ,l i m change the cost function on the state of Ebat is shown in Figure

5.21.
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Figure 5.21: The figure on the left shows the representation of Equation 4.10. Additional costs are only made when the state exceeds
one of the green lines. Only if the red line is exceeded the model becomes infeasible. The figure on the right represents Equation 5.8,
using the added E (+/−)

bat ,l i m
. Adding E (+/−)

bat ,l i m
to Equations 5.8a and 5.8b narrows the bandwidth of Ebat with zero cost. Equations

5.8c and 5.8d are added to prevent the operational range from decreasing. The battery state is still feasible between 5% and 95% of
its capacity.

The capacity of E (+/−)
bat ,l i m is set to 2,5. This number is picked as this is the maximum charging/discharging

rate in 15 minutes. After replacing the old constraints, the increase in (dis)charging capacity is shown in
Figure 5.22.

Figure 5.22: Using the E (+/−)
bat ,l i m

constraint, the EMS has reserved battery capacity in Ebat , resulting in the maximal (dis)charging
potential.

The new variables of E (+/−)
bat ,l i m are added to the cost. The new cost function is:

Cbat ,l i m =α6

N∑
k=1

E (+)
bat ,l i m +α7

N∑
k=1

E (−)
bat ,l i m (5.9a)

Ctot al =Cg r i d +Cbat +Cev +Cpv +Ctot ,so f t +Cbat ,l i m (5.9b)

where α6 and α7 is an arbitrarily large number.



56 5. ADN control mechanism

5.4. Power Reservation
Besides prevention and correction, the DSO might use the distribution network for load balancing and
tertiary frequency control. This can be achieved by enabling requests for power exchange between the
DSO and EMS. To promote this exchange, the same price mechanism is used as in the previous section. As
time slot kr es can be reserved, all houses, with the corresponding wanted power exchange Pr es , as shown
in Figure 5.19. The voltage profile is checked whether or not it is feasible. If it is possible, the capacity is
reserved. Figure 5.23 shows the price alterations and the corresponding influence on the optimal control
inputs.
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(a) The top figure shows the reservation of energy Pr es and the cor-
responding constraints necessary to prevent additional energy export
or import. The bottom figure shows the adjusted prices.
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Figure 5.23: The power reservation and price correction (left) and the resulting optimal power control inputs (right).



6
Reference tracking and real-time control

In the previous chapters, the focus is primarily on preventing and correcting voltage deviations based on
user inputs, forecasts and record data. However, due to the intermittent nature of the load demand and PV
generation, voltage deviations are still possible. These deviations caused by random influences have to be
corrected in real-time. Firstly, in Section 6.1, the control structure, the type of errors and the need for a
real-time controller are explained. Secondly, in Section 6.2, the reference tracker is presented. Lastly, In
Section 6.3, the real-time controller is discussed.

6.1. Need for real-time control
In Chapter 4, the EMS of the multi-port converter is introduced, and the top-layer optimal charging algo-
rithm is discussed. The two lower controllers of the EMS are briefly mentioned and consists of a reference
tracker and real-time controller. They are positioned between the optimal charging algorithm and the multi-
port converter, as shown in Figure 6.1.
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Figure 6.1: The EMS structure and the corresponding data exchange between the EMS layers. The red lines show the AC power flow
while the blue is DC. Lines with arrows at both ends are a bidirectional electricity flow, and a single arrow represents uni-directional
flow. The green blocks are the controllers, and the green lines are the corresponding data outputs/inputs.

These controllers have the task to control the multi-port controller on a small time scale (1 min to
real-time). They are needed to prevent the negative effect of forecast errors.
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In this distribution network, two types of error influence the voltage profile. These are the error in load
and the error in PV generation. Their influence on voltage sway and voltage sag are shown in Figure 6.2

Too little
generation

to much
generation

Too much
consumption

safe

Additional import 
+ PV curltailment

voltage peak 

Too little
generation

Too much
generationsafe

Additional  export

voltage sag

Too much
consumption

To little
consumption

Too little
consumption

Additional import 

Additional  export

Figure 6.2: This figure shows the potential problem areas for an overvoltage (voltage peak) and a undervoltage (voltage sag) and the
corresponding action needed by the multi-port converter.

A difference between the PV and load is that the error of the PV only occurs during a limited time
(from sunrise to sunset) and varying error range (during peak hour, a significant error can occur, during the
evening, only a small one). A second difference is that the PV can be regulated in the multi-port converter
by changing the efficiency in the maximum power point tracker or storing energy in the BESS. A variation
in load can only be compensated by limiting the amount of power the multi-port converter imports or
exports.

The real-time controller plays a vital role in keeping the distribution network controllable and safe.
These are especially important when only a part of the distribution network has a multi-port converter.

6.2. Reference tracker
The reference tracker keeps the battery state Ebat ,1mi n close to the value of the optimal charging algorithm
Ebat ,15mi n . This is needed because the battery can quickly drain or fill up during high forecast errors. If this
happens, the battery can no longer be used for system support and will lead to possible voltage violations.

The Reference tracker is almost identical to the optimal charge algorithm. It has the same PV, EV,
energy balance, and battery degradation models, but it does have a different prediction horizon. The pre-
diction horizon of the reference tracker is set to 120 (2 hours) to have a large horizon but a computation
time of less than a second. All the limitations (e.g. P max

conv,i mp/ex) are still upheld but now span 15-time steps
instead of 1. To cope with the shorter time interval, the capacity constraints (Equations 4.8, 4.9, and 4.15)
and the departure charge (Equation 4.14e) are removed. The final value Ebat ,1mi n, f i nal and Eev,1mi n, f i nal

are set equal to the expected value of Ebat ,15mi n and Eev,15mi n at that time step.
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The main goal of the reference tracker is to stay close to the original state charge Ebat ,15mi n . The
reference tracker of the state variable is implemented as:

Ebat ,1mi n(k) ≥ Ebat ,15mi n(k)−E (−)
bat ,np (k)−E (−)

bat ,dev (k) ,∀k (6.1a)

Ebat ,1mi n(k) ≤ Ebat ,15mi n(k)+E (+)
bat ,np (k)+E (+)

bat ,dev (k) ,∀k (6.1b)

E (−)
bat ,dev (k) ≤ Ebat ,15mi n(k)−1−E (−)

bat ,np (k) ,∀k (6.1c)

E (+)
bat ,dev (k) ≤ 10−Ebat ,15mi n(k)−E (+)

bat ,np (k) ,∀k (6.1d)

E (−)
bat ,dev (k) ≥ 0 ,∀k (6.1e)

E (+)
bat ,dev (k) ≥ 0 ,∀k (6.1f)

Ebat ,15mi n is the state value computed by the optimal charging algorithm, Ebat ,1mi n is the state value of
the reference tracker. E (+/−)

bat ,np is the value which Ebat ,1mi n may deviate from Ebat ,15mi n with no additional

cost. E (+/−)
bat ,dev is the added cost for deviation from Ebat ,15mi n . The difference between E (+/−)

bat ,np and E (+/−)
bat ,dev

is shown in Figure 6.3.

Time (h)

Figure 6.3: The figure represents Equation 6.1 and shows the cost for deviation of Ebat ,15mi n over time. When Ebat ,1mi n stays
within the green area E (+)

bat ,np
, no penalty is attached to the reference tracker.

E (+/−)
bat ,dev is added to the cost function and formulated as:

Cdev =
N1mi n∑

k=1
α8E (+)

bat ,dev (k)+
N1mi n∑

k=1
α9E (−)

bat ,dev (k)+
N1mi n∑

k=1
α10E (+)

ev,dev (k)+
N1mi n∑

k=1
α11E (−)

ev,dev (k) ,∀k (6.2)

where α8−11 is an arbitrary big number, Cdev is the cost for deviating of Ebat ,15mi n , and N1mi n is the
prediction horizon of the reference tracker. Although E (+/−)

np can be set to a high value, this could lead to
strong deviation of Ebat ,1mi n and may cause harm in the long run.

Figure 6.4 shows an example of the moving horizon window with the reference tracker. It shows that
even though Pbat varies to remove the forecast error, the battery charge is hardly impacted due to the
reference tracker.
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Figure 6.4: This figure shows the performance of the reference tracking. Even if the Pbat deviates strong, only a minimal deviation
of Ebat has occurred.

6.3. Real-time controller
The real-time controller is the controller closest to the multi-port converter. It is responsible for the energy
balance in the multi-port converter and the removal of load and PV errors. The DC and AC energy balance
of the multi-port converter are:

Pconv (k) =Ppv −Pbat (k)−Pev (k) ,∀k (6.3a)
Pg r i d (k) =Pconv (k)−Pl oad (k) ,∀k (6.3b)

There are two possible ways these balances in Equation 6.3 can be disrupted. These are a variation in load
(∆Pl oad ) and PV generation (∆Ppv ). Both are expected in a residential area. To accommodate these errors,
the equations change to:

Pconv (k)+∆Pconv (k) =Ppv (k)+∆Ppv (k)−Pbat (k)+∆Pbat (k)−Pev (k)+∆Pev (k) ,∀k (6.4a)
Pg r i d (k) =Pconv (k)+∆Pconv (k)−Pload (k)+∆Pload (k) ,∀k (6.4b)

The operation of the real-time controller has been divided into three sectors. These are normal oper-
ation (sector 1), a possible overvoltage (Sector 2) or a possible undervoltage (sector 3). The operational
conditions are shown in Table 6.1.

Table 6.1: An overview of the Hazards that the real-time controller can face and the conditions needed for a particular sector.

Sector Threat Operational condition
1 None -

2 Overvoltage max(V mag (k)) ≥ 1.07 p.u. or
P max

pv (k)−Ppv, f c (k) > Pcap,i mp (k)
3 Undervoltage min(V mag (k)) ≤ 0.92 p.u.
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P max
pv (k) is the maximum PV generation over the last 15 day period. Pcap,ex (k) and Pcap,i mp (k) are the

maximum power capacities that every multi-port converter additionally can export or import at time step k
to reach one of the voltage limits, as shown in Figure 6.5.

Figure 6.5: This figure shows the reserve capacity available in the network. The top figure shows that if the voltage is high, no energy
can be exported, and if the voltage is at a minimum, no additional energy can be imported. The bottom figure shows the amount of
power each multi-port converter can import or feed in at that time step. The amount of available power is dependant on the amount of
multi-port converters in the distribution network.

Figure 6.6a shows when real-time control is needed, based on Table 6.1. Sector 2 is determined if the
maximum voltage is above 1.07 p.u. when no PV occurs. When PV occurs, the forecast is compared with
the maximum generation possibility and the possible import capability of the converter, as shown in Figure
6.6b.

(a) This figure shows when active control is needed in the real-time
controller to prevent hazards. Based on the operational conditions in
Table 6.1 and the PV generation and possible generation compared to
the available capacity of the multi-port converter Pconv from Figure
6.6b. It can be determined whether or not minimal control actions
are needed
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(b) This figure shows the possible change in the operational condition
of Sector 2 in Table 6.1. It can be seen that at 15:00 hours, no active
control is needed due to having a larger capacity available, resulting
in the green part in Figure 6.6a.

Figure 6.6: Figure 6.6a shows when the real-time controller is in either Sector 1 or a potential hazard has occurred. Figure 6.6b shows
one of the operational conditions for Sector 2 from Table 6.1.

If there are fewer multi-port converters in the network, it has to compensate by importing additional
energy from the distribution network if there is an overproduction of energy (∆Ppv > 0).

Assuming that the multi-port converters are spread at random, this ratio can be determined as:

rpv =
∑

P pv f c,mul t∑
P pv f c,houses

(6.5)
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where P pv f c,mul t is the expected generation of PV by multi-port converters, and P pv f c,houses is the total
generation of PV in the distribution network.

To compensate for the people who do not have a multi-port, the error in the network, caused by PV is:

∆Ppv,er r or (k) = rpv (Ppv, f c (k)−Ppv,act (k)) (6.6)

The generation of PV has a high correlation: if the error is positive at the house, it is assumed to be positive
at the neighbours house due to the limit size of the distribution network. Unfortunately, the load error can
not be compensated, as you do not know the energy consumption of the neighbours. This means that the
error for the load remains at:

∆Pl oad ,er r or (k) = Pl oad , f c (k)−Pl oad ,act (k) (6.7)

To remove the total error from the distribution network and keep a stable voltage profile, Equation 6.6 and
6.7 are combined to:

∆Ptot al ,er r or (k) =∆Ppv,er r or (k)−∆Pload ,er r or (k) (6.8)

6.3.1. Capacity availability
To be able to correct errors, (dis)charging capacity is needed in the multi-port converter. This capacity in
the converters of the system is determined as:

P max
conv,bat ,di s =max(0,min(P max

bat ,P max
bat ,di s ,P max

conv −Ppv +∆Ppv +Pev )) (6.9a)

P max
conv,bat ,ch =max(0,min(P max

bat ,P max
bat ,ch ,P max

conv +Ppv +∆Ppv −Pev )) (6.9b)

P max
conv,ev,di s =max(0,min(P max

ev ,P max
ev,di s ,P max

conv −Ppv +∆Ppv +Pbat )) (6.9c)

P max
conv,ev,ch =max(0,min(P max

ev ,P max
ev,ch ,P max

conv +Ppv +∆Ppv −Pbat )) (6.9d)

P max
conv,conv,ex =min(Pcap,ex ,P max

conv −Pconv ) (6.9e)
P max

conv,conv,i mp =min(Pcap,i mp ,P max
conv +Pconv ) (6.9f)

Pconv,pv,r es =Ppv, f c +∆Ppv (6.9g)

Here, ∆Ppv is the error of the generated PV in the multi-port converter. P max
conv,bat ,ch/di s , P max

conv,ev,ch/di s
and P max

conv,conv,ex/i mp are the remaining capacities of the converters. If e.g. Pev = 4kW and no PV genera-
tion occurs, P max

conv,bat ,ch can only be 6 kW as it is limited by the maximum amount of energy the multi-port
converter can import. P max

bat ,di s , P max
bat ,ch , P max

ev,di s and P max
ev,ch are computed as:

P max
bat ,di s =max(0,min(10,Ebat −E mi n

bat /∆t )) (6.10a)

P max
bat ,ch =max(0,min(10,E max

bat −Ebat /∆t )) (6.10b)

P max
ev,di s =max(0,min(10,Eev −E mi n

ev /∆t )) (6.10c)

P max
ev,ch =max(0,min(10,E max

ev −Eev /∆t )) (6.10d)

Here, the values of E max/mi n
bat and E max/mi n

ev are described in Sections 4.3.2 and 4.3.3. Due to the capacity
reservation in Section 5.3, the value of P max

bat ,di s and P max
bat ,ch is always 10 kW if the EV is not available.

6.3.2. Sector 1 (no hazard)
Sector 1 is the scenario where no disruption of load or PV could cause significant harm to the voltage level.
In this scenario, ∆Pload is not compensated (Equation 6.7), and the sole purpose of the real-time controller
is to provide the energy balance (Equation 6.3a). Furthermore, the ratio determined in Equation 6.5 is
set to 1 to limit buying and selling of energy. Although the real-time controller only provides an energy
balance in this scenario, economic benefits can be obtained. If energy is expensive, the real-time controller
prefers selling additional PV power (∆Ppv > 0) over storing it in the battery. Similar when too little is
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generated (∆Ppv < 0) and the price is high, the battery can be discharged (or reduce charging) instead of
importing additional energy. An overview of the buying strategy and its equations are shown in Figure 6.7
and Equation 6.12. The decision-making process is based on the average price of the time interval:

λav g =
∑N

k=1λbuy (k)

N
(6.11)
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(a) Control outputs if λbuy > λav g . The real-time controller wants
to sell its additional generated energy by PV as the price is high. If
∆Ppv,er r or is negative, it tries to decrease charging of the EV and
BESS instead of buying the energy.
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(b) Control outputs if λbuy < λav g . The real-time controller stores
a surplus of PV energy, as selling it is less profitable. If too little is
generated, buying additional power from the network is cheaper.

Figure 6.7: The corresponding control inputs based on ∆Ppv,er r or and the energy price are shown. The limitations on the y-axis are
to demonstrate the possible limitations as set by equation 6.9. Furthermore, in both situations, the EV is assumed to be connected.

Figure 6.7a shows the situation when it is expensive to buy electricity and profitable to sell energy. The
real-time controller acts accordingly by preferring selling energy at an energy surplus instead of storing it.
It only starts storing energy when P max

conv,conv,ex is exceeded. If no adequate storage capacity is available or
is already full, the system results in its final resort by curtailing the amount of PV generated. In the situation
that there is less generated energy, the real-time controller prefers (dis)charging (or reduced charging) the
BESS before importing additional power. Figure 6.7b shows the situation when it is cheap to buy electricity.
As shown in the figure, it is precisely the opposite of Figure 6.7a.

The left part of Figure 6.7a (∆Ppv < 0) and the right part of Figure 6.7b (∆Ppv > 0) can be described
by the following equations:

∆Pev =si g n(∆Ptot al ,er r or )max(min(|α∆Ptot al ,er r or |,Pconv,ev,r es ),

min((|∆Ptot al ,er r or |−min(|β∆Ptot al ,er r or |),Pconv,bat ,r es ),Pconv,ev,r es )
(6.12a)

∆Pbat =si g n(∆Ptot al ,er r or )max(min(|β∆Ptot al ,er r or |,Pconv,bat ,r es ),

min(|∆Ptot al ,er r or |−min(|α∆Ptot al ,er r or |,Pconv,ev,r es ),Pconv,bat ,r es )
(6.12b)

∆Pconv =min(max(∆Ptot al ,er r or −∆Pev −∆Pbat ,−Pconv,conv,r es ),Pconv,conv,r es ) (6.12c)
Ppv,cur l =min(max(∆Ptot al ,er r or −∆Pconv −∆Pbat −∆Pev ,0),Pconv,pv,r es ) (6.12d)

Here, sign is defined as:

si g n(x)


1, if x > 0

0, if x = 0

−1, if x < 0

(6.13)

α and β values are determined by the availability of the EV for charging/discharging. α and β are
formulated as:
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α=
{

0.5 ,EVavai l abi l i t y = 1

1 ,EVavai l abi l i t y = 0

β=1−α
(6.14)

Furthermore, when the EV is not available ( β= 0 ) ∆Pev is automatically set to zero, and lastly:

Pconv,ev,r es =
{

P max
conv,ev,ch ,if Ptot al ,er r or > 0 and Sector 6= 3

P max
conv,ev,di s ,other wi se

(6.15a)

Pconv,bat ,r es =
{

P max
conv,bat ,ch ,if Ptot al ,er r or > 0 and Sector 6= 3

P max
conv,bat ,di s ,other wi se

(6.15b)

Pconv,conv,r es =


P max

conv,conv,i mp ,if Ptot al ,er r or > 0 and Sector 6= 3

P max
conv,conv,ex , if ∆Pload ,er r or > 0

P max
conv,conv,ex +∆Pload ,er r or ,other wi se

(6.15c)

These are added to provide the correct maximum charging and keeping the formulas compact.
The left part of Figure 6.7a (∆Ppv < 0) and the right part of Figure 6.7b (∆Ppv > 0) is defined as:

∆Pconv =si g n(∆Ptot al ,er r or )max(min(|∆Ptot al ,er r or ,Pconv,conv,r es ),

min(|∆Ptot al ,er r or |−min(|∆Ptot al ,er r or |,Pconv,conv,r es ),Pconv,conv,r es )
(6.16a)

Now the remaining part of the function can be split into two modes. The first where the capacity of
Pconv,ev,r es < Pconv,bat ,r es :

∆Pev =si g n(∆Ptot al ,er r or )min(|α(∆Ptot al ,er r or −∆Pconv )|),Pconv,ev,r es ) (6.16b)

∆Pbat =


si g n(∆Ptot al ,er r or )min(|β(∆Ptot al ,er r or −∆Pconv )),Pconv,bat ,r es )

,if ∆Pev 6= si g n(∆Ptot al ,er r or )Pconv,ev,r es

si g n(∆Ptot al ,er r or )min(|(∆Ptot al ,er r or −∆Pconv )−∆Pev ),Pconv,bat ,r es )

,if ∆Pev = si g n(∆Ptot al ,er r or )Pconv,ev,r es

(6.16c)

and the second when Pconv,ev,r es ≥ Pconv,bat ,r es :

∆Pbat =si g n(∆Ptot al ,er r or )min(|β(∆Ptot al ,er r or −∆Pconv ),Pconv,bat ,r es ) (6.16d)

∆Pev =


si g n(∆Ptot al ,er r or )min(|α(∆Ptot al ,er r or −∆Pconv )|,Pconv,ev,r es )

,if ∆Pbat 6= si g n(∆Ptot al ,er r or )Pconv,bat ,r es

si g n(∆Ptot al ,er r or )min(|(∆Ptot al ,er r or −∆Pconv )−∆Pbat |,Pconv,ev,r es )

,if ∆Pbat = si g n(∆Ptot al ,er r or )Pconv,bat ,r es

(6.16e)

And the Ppv,cur l can be defined as:

Ppv,cur l =min(max(∆Ptot al ,er r or −∆Pconv −∆Pev −∆Pbat ,0),Pconv,pv,r es ) (6.16f)
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6.3.3. Sector 2 (Overvoltage hazard)
In Sector 2, the real-time controller has to prevent a possible overvoltage. The ∆Ptot al ,er r or from Equation
6.8 is used, taking in the ∆Pl oad from Equation 6.7 and ∆Ppv with ratio from Equation 6.6. This means the
real-time controller in a overvoltage situation has to compensate for their own load and for the generation of
PV without a multi-port converter. Figure 6.8 shows the control inputs in the situation where an overvoltage
can occur.
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(a) Control outputs if λbuy > λav g and ∆Pload = 0. Additional
power is imported to prevent voltage violations caused by uncon-
trolled PV systems in the distribution network.
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(b) Control outputs if λbuy < λav g and ∆Pload = 0. If a positive
error occurs (∆Ppv > 0) additional power is still imported. However
due to the low price, if the PV error is negative, additional energy
can be bought.

Figure 6.8: These figures show the control outputs of Sector 2 based on the difference between the forecast and actual generation.
The limitations on the y-axis are to demonstrate the possible limitations as set by equation 6.9. Furthermore, in both situations, the
EV is assumed to be connected. In this case, the chosen ratio is 2.58

Figure 6.8a shows the situation where buying energy is expensive. In contrast to Sector 1, the real-time
controller has to purchase power when an error occurs to remove the additional energy from PV panels
without a multi-port converter. An illustrative example is given in Figure 6.9. The amount needed for this
import is:

∆Pconv =∆Ptot al ,er r or −∆Ppv (6.17)

Figure 6.8b shows the situation when the energy is cheaper than average. When a surplus of PV occurs,
the control inputs behave the same as in Figure 6.8a. When the PV error is negative the real-time controller
will buy power. This would lead, in reality, to a decrease in discharging of batteries. As a protective
measure, if the battery is near the limits, the situation returns to Figure 6.8a.

To obtain Figure 6.8, the following equations have been made for Figure 6.8a and the right part (∆Ppv >
0) of Figure 6.8b. The dynamics can be written as:

∆Pev =si g n(∆Ptot al ,er r or )max(min(|α∆Ptot al ,er r or |,Pconv,ev,r es ),

min((|∆Ptot al ,er r or |−min(|β∆Ptot al ,er r or |),Pconv,bat ,r es ),Pconv,ev,r es )
(6.18a)

∆Pbat =si g n(∆Ptot al ,er r or )max(min(|β∆Ptot al ,er r or |,Pconv,bat ,r es ),

min(|∆Ptot al ,er r or |−min(|α∆Ptot al ,er r or |,Pconv,ev,r es ),Pconv,bat ,r es )
(6.18b)

∆Pconv =min(max(∆Ppv −∆Ptot al ,er r or ,−Pconv,conv,r es )Pconv,conv,r es ) (6.18c)

Ppv,cur l =max(min(∆Ptot al ,er r or −∆Pev −∆Pbat+
(∆Ptot al ,er r or −∆Ppv +∆Pconv ),Pconv,pv,r es ),0)

(6.18d)

Equations 6.18a and 6.18b are the same as Equations 6.12a and 6.12b in Sector 1. Equations 6.18c till
6.18d are altered to buy and sell additional power to prevent voltage violations in the distribution network.
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Multi port converterPV

EV Bat

Distribution network

Figure 6.9: This figure shows which actions are taken to prevent voltage violations. Based on the surplus generated by the PV,
measures have to be considered. Based on the ratio of 2.58 a total of 5.16 kW PV power needs to be compensated. Combined with
the load error a total of 6.16 kW needs to be compensated. A part of the 6.16 KW is the surplus generated by the PV in the multi-port
converter. This generation does not require additional import of power. The remaining capacity can be calculated using Equation
6.17. The energy is stored in BESS and (if possible) EV. In the figure, their capacity limit is reached. Therefore, the additional power
needs to be curtailed by the PV.

To obtain the left part of Figure 6.8b (λbuy < λav g ,∆Ptot al ,er r or < 0), the following equations have
been used:

∆Pconv =si g n(∆Ptot al ,er r or )max(min(|∆Ppv |,Pconv,max,i mp ),

min(|∆Ppv |−min(|∆Ppv |,Pconv,max,i mp )),Pconv,max,i mp )
(6.19a)

where in this case, the edge cases Pconv,max,i mp are already filled in (instead of Equation 6.15).
Similar as in Equation 6.16 there are two sections. The first where the capacity of Pconv,ev,r es <

Pconv,bat ,r es :

∆Pev =si g n(∆Ppv )min(|α(∆Ppv −∆Pconv )|),Pconv,ev,r es ) (6.19b)

∆Pbat =
{

si g n(∆Ppv )min(|β(∆Ppv −∆Pconv )),Pconv,bat ,r es ), if ∆Pev 6= si g n(∆Ppv )Pconv,ev,r es

si g n(∆Ppv )min(|(∆Ppv −∆Pconv )−∆Pev ),Pconv,bat ,r es ), if ∆Pev = si g n(∆Ppv )Pconv,ev,r es

(6.19c)

and the second when Pconv,ev,r es ≥ Pconv,bat ,r es :

∆Pbat =si g n(∆Ppv )min(|β(∆Ppv −∆Pconv ),Pconv,bat ,r es ) (6.19d)

∆Pev =
{

si g n(∆Ppv )min(|α(∆Ppv −∆Pconv )|,Pconv,ev,r es ), if ∆Pbat 6= si g n(∆Ppv )Pconv,bat ,r es

si g n(∆Ppv )min(|(∆Ppv −∆Pconv )−∆Pbat |,Pconv,ev,r es ), if ∆Pbat = si g n(∆Ppv )Pconv,bat ,r es

(6.19e)

And the Ppv,cur l can be defined as:

Ppv,cur l =min(max(∆Ppv, −∆Pconv −∆Pev −∆Pbat ,0),Pconv,pv,r es ) (6.19f)
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6.3.4. Sector 3 (Undervoltage hazard)
If Sector 3 is needed, an undervoltage situation has occured, caused by a high load or a lack of PV genera-
tion.
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(a) Control outputs if λbuy >λav g and ∆Pload = 0. In this particular
case, additional PV energy (∆Ppv > 0) is sold if generation is higher
than expected.
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(b) Control outputs if λbuy > λav g and ∆Pl oad = 0. Additional
power is exported (∆Ppv < 0) to prevent voltage violations.

Figure 6.10: These figures show the control outputs of Sector 3 based on the difference between the forecast and actual generation.
The limitations on the y-axis are to demonstrate the possible limitations as set by equation 6.9. Furthermore, in both situations, the
EV is assumed to be connected. In this case, the chosen ratio is 2.58

The left part of Figure 6.10a and Figure 6.10b are a copy of Sector 2. The corresponding equations are
Equations 6.18a till 6.18d. The special case with undervoltage is shown as the right part in Figure 6.10a.
As ∆Ppv > 0 there is more generation in the network, therefore additional energy can be exported for a
higher price. This is achieved by:

∆Pconv =si g n(∆Ptot al ,er r or )max(min(|∆Ppv |,Pconv,max,exp ),

min(|∆Ppv |−min(|∆Ppv |,Pconv,max,exp )),Pconv,max,exp )
(6.20a)

where in this case the edge cases are already filled in instead of Equation 6.15. Similar as in Equation 6.16
there are two sections. the first where the capacity of Pconv,ev,r es < Pconv,bat ,r es :

∆Pev =si g n(∆Ppv )min(|α(∆Ppv −∆Pconv )|),Pconv,ev,r es ) (6.20b)

∆Pbat =
{

si g n(∆Ppv )min(|β(∆Ppv −∆Pconv )),Pconv,bat ,r es ), if ∆Pev 6= si g n(∆Ppv )Pconv,ev,r es

si g n(∆Ppv )min(|(∆Ppv −∆Pconv )−∆Pev ),Pconv,bat ,r es ), if ∆Pev = si g n(∆Ppv )Pconv,ev,r es

(6.20c)

or option two when Pconv,ev,r es ≥ Pconv,bat ,r es :

∆Pbat =si g n(∆Ppv )min(|β(∆Ppv −∆Pconv ),Pconv,bat ,r es ) (6.20d)

∆Pev =
{

si g n(∆Ppv )min(|α(∆Ppv −∆Pconv )|,Pconv,ev,r es ), if ∆Pbat 6= si g n(∆Ppv )Pconv,bat ,r es

si g n(∆Ppv )min(|(∆Ppv −∆Pconv )−∆Pbat |,Pconv,ev,r es ), if ∆Pbat = si g n(∆Ppv )Pconv,bat ,r es

(6.20e)

And the Ppv,cur l can be defined as:

Ppv,cur l =min(max(∆Ppv, −∆Pconv −∆Pev −∆Pbat ,0),Pconv,pv,r es ) (6.20f)





7
Results

In this chapter, the simulation of the correction methods Volt-Watt, Volt-VA incremental and Volt-VA sen-
sitivity are shown. The Volt-VA method is simulated with and without power factor restriction to simulate
possible future use. The simulations focus on the interaction of the EMS (optimal control inputs) and VMS
(voltage deviation correction), and real-time control. The interaction between EMS and VMS uses the
proposed flowchart to correct and prevent voltage violation in a distribution network, as shown in Figure
5.19. To evaluate the performance of the control scheme, varying scenarios have been picked.

This chapter starts, in Section 7.1, by explaining the selection procedure of the multi-port converters. In
Sections 7.2 and 7.3, a summer and winter day with varying numbers of multi-port converters are shown.
In Section 7.4, the moving horizon window results are presented.

7.1. Selection procedure
To use the ratio of Equation 6.5 the houses can not be randomly removed if the number of multi-port
converters decreases. Furthermore, to repeat this experiment, a strategy for selecting the houses has been
made. The houses are selected based on their sensitivity coefficient computed by the Jacobian matrix as
discussed in Section 5.2.2. The selection procedure is as follow: first, the two houses with the lowest
sensitivity coefficient are removed from the selection and then the house with the highest sensitivity is
removed. This removal repeats until no multi-port converters are left.
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7.2. Summer day
In the summer, voltage violations may occur due to the increase of PV generation. Two scenarios are
picked: scenario one, where the majority (45) of the houses in the distribution network have a multi-port
converter and scenario two, where the minority (20) of the houses in the distribution network have a multi-
port converter. The numbers 45 and 20 have been randomly picked.

Day 185 has been chosen as a lot of PV energy is generated this day and shows a clear intermittent
pattern, as shown in Figure 7.1 The forecasted amount of energy generation over a period is within 10%
of the actual generation. Figure 7.2 shows the benchmark of the day. As shown, the network without a
multi-port converter is insufficient to cope with the generation caused by the PV.
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Figure 7.1: The average forcasted and actual PV profile of day 185 (summer).
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Figure 7.2: Load variation (top) and voltage profile (bottom). The load variation show a large feed-in of power between 9 AM and 3
PM, caused by PV generation, creating voltage violations.
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7.2.1. Summer day with many multi-port converters (45)
Figure 7.3 shows the load variation, voltage profile and price alterations of the VMS before adding Pconv

of the multi-port converter. This is done, as stated in Section 5.3, to prevent voltage violations in the
network. The step is the "Voltage based price" in Figure 5.19. An evident decline in energy generation
from 9 AM till 3 PM can be shown (PV generation) and a reduction in energy demand from 6 PM till 10
PM (EV charging). There are no voltage violations, and therefore the price does not have to change. In the
remainder of the chapter, the max and min voltage of the voltage profile correspond to the maximum and
minimum voltage in the entire distribution network.
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Figure 7.3: Load variation (top), voltage profile (middle), and price correction mechanism (bottom) before the multi-port converter
energy demand Pconv is added.

Figure 7.4, shows the first iteration of the optimal charging algorithm of house number 49. This is
step "EMS House" in Figure 5.19. This house has been randomly selected. No correction has taken place,
therefore no variation between the correction methods are obtained.

0 5 10 15 20

Time step [h]

-10

-5

0

5

10

15

P
o

w
e

r 
[k

W
]

0

0.05

0.1

0.15

0.2

0.25

0.3

E
le

c
tr

ic
it
y
 P

ri
c
e

 [
E

u
ro

/k
W

h
]

Initial control inputs. House number:49

Volt-VA Incremental

P
Bat

P
Ev

P
conv

P
pv,fc

P
pv

P
conv,imp
max

P
conv,imp
ex

buy

Figure 7.4: The optimal control inputs of the EMS before the correction methods are used.



72 7. Results

The Figures 7.5 (Volt-Watt),7.6 (Volt-VAR Incr (no pf)), 7.7(Volt-VAR Incr (pf=0.9)), 7.8 (Volt-VAR
Sens (no pf)) and 7.9 (Volt-VAR Sens (pf=0.9)) show the initial voltage violations caused by the demand
of the multi-port converter. In the remainder of this chapter Volt-VA (no pf) means that no power factor
restrictions have been set. If Volt-VA (pf=0.9) is mentioned, the maximum power factor is 0.9.

These figures combine the step "Voltage profile computation" and the correction method step from
Figure 5.19. These figures show that by using reactive power, many of the voltage violations can be
corrected. Figures 7.6 and 7.8 show an improved voltage profile over Figures 7.7 and 7.9 due to the
availability of more reactive power.
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Figure 7.5: Load variation (top) and voltage profile (bottom). Initial voltage profile after adding the multi-port converter energy
demand Pconv using the Volt-Watt method on day 185 with 45 multi-port converters.
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Figure 7.6: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom). Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR incremental method on day 185 with
45 multi-port converters. Reactive power compensation, with no restriction, has already been added.
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Figure 7.7: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom).Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR incremental method on day 185 with
45 multi-port converters. Reactive power compensation, with power factor restriction, has already been added.
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Figure 7.8: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom).Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR sensitivity method on day 185 with 45
multi-port converters. Reactive power compensation, with no restriction, has already been added.
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Figure 7.9: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom). Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR sensitivity method on day 185 with 45
multi-port converters. Reactive power compensation, with power factor restriction, has already been added.
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The Figures 7.10 (Volt-Watt), 7.11a (Volt-VAR Incr (no pf)), 7.11b (Volt-VAR Incr (pf=0.9)), 7.12a
(Volt-VAR Sens (no pf)) and 7.12b (Volt-VAR Sens (pf=0.9)), show the final iteration of the optimal charg-
ing algorithm of house number 49.

Differences can be spotted between Figure 7.10 (Volt-Watt) and the Volt-VA methods shown in Figure
7.11 and 7.12. Between the houses using power factor restrictions in Figures 7.11b and 7.12b, and the ones
without in Figures 7.11a and 7.12a a clear difference in APC is shown.
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Figure 7.10: The final optimal control inputs using the Volt-Watt correction method.
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(a) The final optimal control inputs using the Volt-VA incremental
correction method with no power factor restriction.

0 5 10 15 20

Time step [h]

-10

-5

0

5

10

15

P
o
w

e
r 

[k
W

]

0

0.05

0.1

0.15

0.2

0.25

0.3

E
le

c
tr

ic
it
y
 P

ri
c
e
 [
E

u
ro

/k
W

h
]

Final control inputs. House number:49

Volt-VA Incremental

P
Bat

P
Ev

P
conv

P
pv,fc

P
pv

P
conv,imp
max

P
conv,ex
max

buy

(b) The final optimal control inputs using the Volt-VA incremental
correction method with power factor restriction.

Figure 7.11: The final optimal control inputs using the Volt-VA incremental correction method without (Figure 7.11a) and with
(Figure 7.11b) power factor restriction.
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(a) The final optimal control inputs using the Volt-VA sensitivity cor-
rection method with no power factor restriction.
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(b) The final optimal control inputs using the Volt-VA sensitivity cor-
rection method with power factor restriction.

Figure 7.12: The final optimal control inputs using the Volt-VA sensitivity correction method without (Figure 7.12a) and with (Figure
7.12b) power factor restriction.

The Figures 7.13 (Volt-Watt), 7.14 (Volt-VAR Incr (no pf)), 7.15 (Volt-VAR Incr (pf=0.9)), 7.16 (Volt-
VAR Sens (no pf)) and 7.17 (Volt-VAR Sens (pf=0.9)) show the forecasted load demands and corrected
voltage profile. As all the voltage violations have been corrected, the VMS procedure in Figure 5.19 is
done.

Both Volt-VA sensitivity (no pf) and Volt-VA incremental (no pf) are capable of using more active
power compared to the other methods.
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Figure 7.13: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-Watt method on day 185 with 45 multi-port converter.
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Figure 7.14: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA incremental method with no power factor restrictions, on day 185 with 45 multi-port converter.

0 5 10 15 20

Time [h]

-10

0

10

20

L
o

a
d

 v
a

ri
a

ti
o

n
 (

k
W

)

Distribution network final using Volt-VA Incremental pfmax =0.9

max

min

mean

0 5 10 15 20

Time [h]

-10

-5

0

5

10

(E
x
c
e

s
s
) 

R
e

a
c
ti
v
e

 P
o

w
e

r 
(V

A
R

)

Average Max Reactive Power no pf

Average Max Reactive Power pf = 0.9

Average Reactive Power Used

0 5 10 15 20

Time [h]

0.8

0.9

1

1.1

1.2

V
o

lt
a

g
e

 (
p

.u
)

Max voltage Min voltage

Figure 7.15: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA incremental method with power factor restrictions, on day 185 with 45 multi-port converter.



78 7. Results

0 5 10 15 20

Time [h]

-10

0

10

20

L
o

a
d

 v
a

ri
a

ti
o

n
 (

k
W

)

Distribution network final using Volt-VA Sensitivity no pf limitation

max

min

mean

0 5 10 15 20

Time [h]

-10

-5

0

5

10

(E
x
c
e

s
s
) 

R
e

a
c
ti
v
e

 P
o

w
e

r 
(V

A
R

)

Average Max Reactive Power no pf

Average Max Reactive Power pf = 0.9

Average Reactive Power Used

0 5 10 15 20

Time [h]

0.8

0.9

1

1.1

1.2

V
o

lt
a

g
e

 (
p

.u
)

Max voltage Min voltage

Figure 7.16: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA sensitivity method with no power factor restrictions, on day 185 with 45 multi-port converter.
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Figure 7.17: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA sensitivity method with power factor restrictions, on day 185 with 45 multi-port converter.
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The Figures 7.18 (Volt-Watt), 7.19 (Volt-VAR Incr (no pf)), 7.20(Volt-VAR Incr (pf=0.9)), 7.21 (Volt-
VAR Sens (no pf)) and 7.22 (Volt-VAR Sens (pf=0.9)) show the final result after the real-time controller.
Volt-Watt, Volt-VA incremental (no pf) and Volt-VA sensitivity (no pf) can remove the voltage violation
using the real-time controller. Volt-VA incremental (pf=0.9) and Volt-VA sensitivity (pf=0.9) remove the
real-time error if they keep their original reactive power setpoint. If they obey the power factor, a voltage
violation occurs (blue dots). This is as the real-time controller does not consider the decrease of reactive
power during real-time control.
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Figure 7.18: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 45 multi-port converter, using the Volt-Watt correction method for the forecast.
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Figure 7.19: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 45 multi-port converter, using the Volt-VA incremental correction method with no power factor
restrictions for the forecast.
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Figure 7.20: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 45 multi-port converter, using the Volt-VA incremental correction method with power factor
restrictions for the forecast. Removal of the voltage violation is only possible if the original reactive power setpoint is used. If the
real-time controller obey the power factor, a voltage violation occurs (blue dots).
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Figure 7.21: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 45 multi-port converter, using the Volt-VA sensitivity correction method with no power factor
restrictions for the forecast.
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Figure 7.22: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) using the Volt-VA sensitivity correction method with power factor restrictions for the forecast. Removal of the
voltage violation is only possible if the original reactive power setpoint is used. If the real-time controller obey the power factor, a
voltage violation occurs (blue dots).
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7.2.2. Summer day with few multi-port converters(20)
Figure 7.23 shows the load variation, voltage profile and price alterations of the VMS before adding Pconv

of the multi-port converter. This is done, as stated in Section 5.3, to prevent voltage violations in the
network. The step is the "Voltage based price" in Figure 5.19. Less decline is shown compared to Section
7.2.1, as less PV and EV are removed and replaced with multi-port converters.
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Figure 7.23: Load variation (top), voltage profile (middle), and price correction mechanism (bottom) before the multi-port converter
energy demand Pconv is added.

Figure 7.24, shows the first iteration of the optimal charging algorithm of house number 49. The result
is identical to Figure 7.4.
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Figure 7.24: The optimal control inputs of the EMS before the correction methods are used.
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The Figures 7.25 (Volt-Watt),7.26 (Volt-VAR Incr (no pf)), 7.27(Volt-VAR Incr (pf=0.9)), 7.28 (Volt-
VAR Sens (no pf)) and 7.29 (Volt-VAR Sens (pf=0.9)) show the initial voltage violations caused by the
demand of the multi-port converter.

Compared to 7.2.1 less energy is used and fewer voltage violations have to be corrected.
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Figure 7.25: Load variation (top) and voltage profile (bottom). Initial voltage profile after adding the multi-port converter energy
demand Pconv using the Volt-Watt method on day 185 with 20 multi-port converters.
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Figure 7.26: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom). Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR incremental method on day 185 with
20 multi-port converters. Reactive power compensation, with no restriction, has already been added.
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Figure 7.27: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom).Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR incremental method on day 185 with
20 multi-port converters. Reactive power compensation, with power factor restriction, has already been added.
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Figure 7.28: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom).Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR sensitivity method on day 185 with 20
multi-port converters. Reactive power compensation, with no restriction, has already been added.
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Figure 7.29: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom). Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR sensitivity method on day 185 with 20
multi-port converters. Reactive power compensation, with power factor restriction, has already been added.
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The Figures 7.30 (Volt-Watt), 7.31a (Volt-VAR Incr (no pf)), 7.31b (Volt-VAR Incr (pf=0.9)), 7.32a
(Volt-VAR Sens (no pf)) and 7.32b (Volt-VAR Sens (pf=0.9)), show the final iteration of the optimal charg-
ing algorithm of house number 49. This is the step "EMS House" in Figure 5.19.

Compared to 7.2.1 less curtailment is necessary from 4 PM till 9 PM, as more uncontrolled EV are
using energy and less multi-port converters are competing with each other for a spot with a high buying or
selling price.
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Figure 7.30: The final optimal control inputs using the Volt-Watt correction method.
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(a) The final optimal control inputs using the Volt-VA incremental
correction method with no power factor restriction.
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(b) The final optimal control inputs using the Volt-VA incremental
correction method with power factor restriction.

Figure 7.31: The final optimal control inputs using the Volt-VA incremental correction method without (Figure 7.31a) and with
(Figure 7.31b) power factor restriction.
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(a) The final optimal control inputs using the Volt-VA sensitivity cor-
rection method with no power factor restriction.
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(b) The final optimal control inputs using the Volt-VA sensitivity cor-
rection method with power factor restriction.

Figure 7.32: The final optimal control inputs using the Volt-VA sensitivity correction method without (Figure 7.32a) and with (Figure
7.32b) power factor restriction.

The Figures 7.33 (Volt-Watt) ,7.34 (Volt-VAR Incr (no pf)), 7.35(Volt-VAR Incr (pf=0.9)),7.36 (Volt-
VAR Sens (no pf)) and 7.37 (Volt-VAR Sens (pf=0.9)) show the forecasted load demands and corrected
voltage profile. As all the voltage violations have been corrected, the VMS procedure in Figure 5.19 is
done.

Compared to Section 7.2.1, less energy is used in the network.
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Figure 7.33: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-Watt method on day 185 with 20 multi-port converter.
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Figure 7.34: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA incremental method with no power factor restrictions, on day 185 with 20 multi-port converter.
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Figure 7.35: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA incremental method with power factor restrictions, on day 185 with 20 multi-port converter.
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Figure 7.36: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA sensitivity method with no power factor restrictions, on day 185 with 20 multi-port converter.
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Figure 7.37: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA sensitivity method with power factor restrictions, on day 185 with 20 multi-port converter.
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The Figures 7.38 (Volt-Watt), 7.39 (Volt-VAR Incr (no pf)), 7.40(Volt-VAR Incr (pf=0.9)), 7.41 (Volt-
VAR Sens (no pf)) and 7.42 (Volt-VAR Sens (pf=0.9)) show the final result after the real-time controller.
Volt-Watt, Volt-VA incremental (no pf) and Volt-VA sensitivity (no pf) can remove the voltage violation
using the real-time controller. Volt-VA incremental (pf=0.9) and Volt-VA sensitivity (pf=0.9) remove the
real-time error if they keep their original reactive power setpoint. If they obey the power factor, a voltage
violation occurs (blue dots). This is as the real-time controller does not consider the decrease of reactive
power during real-time control.

Compared to Section 7.2.1 some small voltage violations occur in the Volt-Watt (blue dots), Volt VA
incremental (red dots), and Volt VA sensitivity (red dots) method. If the ratio of Equation 6.5 is increased
by 0.1 all problems will be removed.
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Figure 7.38: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 20 multi-port converter, using the Volt-Watt correction method for the forecast.



7.2. Summer day 91

0 5 10 15 20

Time [h]

0.9

1

1.1

V
o
lt
a
g
e
 (

p
.u

.)

Realtime controller for House 49 using Volt-VA Incremental no pf limitation

Forecast

Realtime controller pf hold on

Realtime conroller pf free

Voltage limitations

0 5 10 15 20

Time [h]

0

2

4

6

L
o
a
d
 P

o
w

e
r 

(k
W

)

P
load

 forecast

P
load

 actual

0 5 10 15 20

Time [h]

0

2

4

6

P
V

 p
o
w

e
r 

(k
W

) P
pv

 forecast

P
pv

 actual

0 5 10 15 20

Time [h]

-10

-5

0

5

10

In
v
e
rt

e
r 

P
o
w

e
r

e
x
p
o
rt

/i
m

p
o
rt

(+
/-

) 
(k

W
)

P
conv

 forecast

P
conv

 actual

Figure 7.39: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 20 multi-port converter, using the Volt-VA incremental correction method with no power factor
restrictions for the forecast.
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Figure 7.40: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 20 multi-port converter, using the Volt-VA incremental correction method with power factor
restrictions for the forecast. Removal of the voltage violation is only possible if the original reactive power setpoint is used. If the
real-time controller obey the power factor, a voltage violation occurs (blue dots). Red dots indicate that even if the power factor is not
enforced, a voltage violation still occurs.
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Figure 7.41: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 185 with 20 multi-port converter, using the Volt-VA sensitivity correction method with no power factor
restrictions for the forecast.
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Figure 7.42: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) using the Volt-VA sensitivity correction method with power factor restrictions for the forecast. Removal of the
voltage violation is only possible if the original reactive power setpoint is used. If the real-time controller obey the power factor, a
voltage violation occurs (blue dots). Red dots indicate that even if the power factor is not enforced, a voltage violation still occurs.
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7.3. Winter day
In the winter, voltage violations may occur due to the increase in the energy demand for heating. Two
scenarios are picked: scenario one, where the majority (45) of the houses in the distribution network have
a multi-port converter and scenario two, where the minority (20) of the houses in the distribution network
have a multi-port converter. The numbers 45 and 20 have been randomly picked.

Day 1 has been chosen as winter days have a higher energy demand. The PV generation is shown in
Figure 7.43. Figure 7.44 shows the benchmark of the day. As shown, the network without a multi-port
converter is insufficient to cope with the energy demand of the EV.
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Figure 7.43: The average forcasted and actual PV profile of day 1 (winter).
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Figure 7.44: Load variation (top) and voltage profile (bottom). The load variation show a large demand of power between 3 PM and
10 PM, caused by EV charging, creating voltage violations.
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7.3.1. Winter day with many multi-port converters (45)
Figure 7.45 shows the load variation, voltage profile and price alterations of the VMS before adding Pconv

of the multi-port converter. This is done, as stated in Section 5.3, to prevent voltage violations in the
network. The step is the "Voltage based price" in Figure 5.19. An reduction in energy demand from 4 PM
till 11 PM (EV charging). There are no voltage violations, and therefore the price does not have to change.

0 5 10 15 20

Time [h]

-10

0

10

20

L
o
a
d
 v

a
ri
a
ti
o
n
 (

k
W

) max

min

mean

0 5 10 15 20

Time [h]

0.8

0.9

1

1.1

1.2

V
o
lt
a
g
e
 (

p
.u

)

Max voltage

Min voltage

0 5 10 15 20

Time [h]

0

0.1

0.2

0.3

0.4

0.5

P
ri
c
e
 (

e
u
ro

/k
W

h
)

New Price buy

New Price sell

Old Price buy

Old Price sell

Figure 7.45: Load variation (top), voltage profile (middle), and price correction mechanism (bottom) before the multi-port converter
energy demand Pconv is added.

Figure 7.46, shows the first iteration of the optimal charging algorithm of house number 49. This is
step "EMS House" in Figure 5.19. This house has been randomly selected. No correction has taken place,
therefore no variation between the correction methods are obtained.
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Figure 7.46: The optimal control inputs of the EMS before the correction methods are used.
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The Figures 7.47 (Volt-Watt),7.48 (Volt-VAR Incr (no pf)), 7.49(Volt-VAR Incr (pf=0.9)), 7.50 (Volt-
VAR Sens (no pf)) and 7.51 (Volt-VAR Sens (pf=0.9)) show the initial voltage violations caused by the
demand of the multi-port converter.

These figures combine the step "Voltage profile computation" and the correction method step from
Figure 5.19. These figures show that if no VMS was designed, all the multi-port converters want to buy
energy at the lowest price (see Figure 7.46), resulting in voltage violations.
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Figure 7.47: Load variation (top) and voltage profile (bottom). Initial voltage profile after adding the multi-port converter energy
demand Pconv using the Volt-Watt method on day 1 with 45 multi-port converters.



96 7. Results

0 5 10 15 20

Time [h]

-10

0

10

20

L
o

a
d

 v
a

ri
a

ti
o

n
 (

k
W

)

Distribution network initial using Volt-VA Incremental no pf limitation

max

min

mean

0 5 10 15 20

Time [h]

-10

-5

0

5

10

(E
x
c
e

s
s
) 

R
e

a
c
ti
v
e

 P
o

w
e

r 
(V

A
R

)

Average Max Reactive Power no pf

Average Max Reactive Power pf = 0.9

Average Reactive Power Used

0 5 10 15 20

Time [h]

0.8

0.9

1

1.1

1.2

V
o

lt
a

g
e

 (
p

.u
)

Max voltage

Min voltage

Exceeding voltage limit

Figure 7.48: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom). Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR incremental method on day 1 with 45
multi-port converters. Reactive power compensation, with no restriction, has already been added.
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Figure 7.49: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom).Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR incremental method on day 1 with 45
multi-port converters. Reactive power compensation, with power factor restriction, has already been added.
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Figure 7.50: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom).Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR sensitivity method on day 1 with 45
multi-port converters. Reactive power compensation, with no restriction, has already been added.

0 5 10 15 20

Time [h]

-10

0

10

20

L
o

a
d

 v
a

ri
a

ti
o

n
 (

k
W

)

Distribution network initial using Volt-VA Sensitivity pfmax =0.9

max

min

mean

0 5 10 15 20

Time [h]

-10

-5

0

5

10

(E
x
c
e

s
s
) 

R
e

a
c
ti
v
e

 P
o

w
e

r 
(V

A
R

)

Average Max Reactive Power no pf

Average Max Reactive Power pf = 0.9

Average Reactive Power Used

0 5 10 15 20

Time [h]

0.8

0.9

1

1.1

1.2

V
o

lt
a

g
e

 (
p

.u
)

Max voltage

Min voltage

Exceeding voltage limit

Figure 7.51: Load variation (top), reactive power usage Qconv and availability Qmax
conv (middle), and voltage profile (bottom). Initial

voltage profile after adding the multi-port converter energy demand Pconv using the Volt-VAR sensitivity method on day 1 with 45
multi-port converters. Reactive power compensation, with power factor restriction, has already been added.
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The Figures 7.52 (Volt-Watt), 7.53a (Volt-VAR Incr (no pf)), 7.53b (Volt-VAR Incr (pf=0.9)), 7.54a
(Volt-VAR Sens (no pf)) and 7.54b (Volt-VAR Sens (pf=0.9)), show the final iteration of the optimal charg-
ing algorithm of house number 49.

Limited difference can be spotted between Figure 7.52 (Volt-Watt) and the Volt-VA methods shown in
Figure 7.53 and 7.54.
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Figure 7.52: The final optimal control inputs using the Volt-Watt correction method.
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(a) The final optimal control inputs using the Volt-VA incremental
correction method with no power factor restriction.
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(b) The final optimal control inputs using the Volt-VA incremental
correction method with power factor restriction.

Figure 7.53: The final optimal control inputs using the Volt-VA incremental correction method without (Figure 7.53a) and with
(Figure 7.53b) power factor restriction.
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(a) The final optimal control inputs using the Volt-VA sensitivity cor-
rection method with no power factor restriction.
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(b) The final optimal control inputs using the Volt-VA sensitivity cor-
rection method with power factor restriction.

Figure 7.54: The final optimal control inputs using the Volt-VA sensitivity correction method without (Figure 7.54a) and with (Figure
7.54b) power factor restriction.

The Figures 7.55 (Volt-Watt) ,7.56 (Volt-VAR Incr (no pf)), 7.57(Volt-VAR Incr (pf=0.9)),7.58 (Volt-
VAR Sens (no pf)) and 7.59 (Volt-VAR Sens (pf=0.9)) show the forecasted load demands and corrected
voltage profile. As all the voltage violations have been corrected, the VMS procedure in Figure 5.19 is
done.

No major differences are found between the correction methods.
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Figure 7.55: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-Watt method on day 1 with 45 multi-port converter.
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Figure 7.56: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA incremental method with no power factor restrictions, on day 1 with 45 multi-port converter.
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Figure 7.57: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA incremental method with power factor restrictions, on day 1 with 45 multi-port converter.
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Figure 7.58: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA sensitivity method with no power factor restrictions, on day 1 with 45 multi-port converter.
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Figure 7.59: Final voltage profile after the correction iterative procedure. All voltage violations in the forecast have been removed by
using the Volt-VA sensitivity method with power factor restrictions, on day 1 with 45 multi-port converter.
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The Figures 7.60 (Volt-Watt), 7.61 (Volt-VAR Incr (no pf)), 7.62(Volt-VAR Incr (pf=0.9)), 7.63 (Volt-
VAR Sens (no pf)) and 7.64 (Volt-VAR Sens (pf=0.9)) show the final result after the real-time controller.
Volt-Watt, Volt-VA incremental (no pf) and Volt-VA sensitivity (no pf) can remove most of the voltage
violation using the real-time controller. An example where the real-time controller cannot correct the
voltage is shown in the right corner of Figure 7.60 till 7.64. This error is possible as the multi-port converter
can only correct their house load error, as they do not know anything about the other houses. In practice,
this particular error will not occur. As the moving horizon continues, the control input will change, and
the corresponding energy demand will too. The voltage violations of Volt-VA incremental and Volt-VA
sensitivity are negligible.
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Figure 7.60: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 1 with 45 multi-port converter, using the Volt-Watt correction method for the forecast.
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Figure 7.61: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 1 with 45 multi-port converter, using the Volt-VA incremental correction method with no power factor
restrictions for the forecast.
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Figure 7.62: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port con-
verter (bottom) on day 1 with 45 multi-port converter, using the Volt-VA incremental correction method with power factor restrictions
for the forecast. Removal of the voltage violation is only possible if the original reactive power setpoint is used. If the real-time
controller obey the power factor, a voltage violation occurs (blue dots).
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Figure 7.63: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) on day 1 with 45 multi-port converter, using the Volt-VA sensitivity correction method with no power factor
restrictions for the forecast.
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Figure 7.64: Forecasted and real-time voltage profile (top), forecasted and actual load demand at the house (middle top), forecasted
and actual PV generation at the house (middle bottom), and forecasted and actual import and export of energy by the multi-port
converter (bottom) using the Volt-VA sensitivity correction method with power factor restrictions for the forecast. Removal of the
voltage violation is only possible if the original reactive power setpoint is used. If the real-time controller obey the power factor, a
voltage violation occurs (blue dots).
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7.3.2. Winter day with few multi-port converters(20)
Figure 7.65 shows the load variation and the voltage profile after adding the demand of the multi-port
converters Pconv . As shown in the Figure no possible voltage violations can occur. No corrections are
necessary. The real-time controller output is shown in Figure 7.66
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Figure 7.65: Load variation (top), voltage profile (bottom). No voltage violation occurs.

Figure 7.66: The real-time voltage profile on day 1 with 20 multi-port converters.
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7.4. Moving horizon window
An essential requirement for voltage prevention and deviation is that the values in the system are continu-
ously updated. Using a moving horizon window makes this possible. Figures 7.67,7.68,7.69,7.70, and 7.71
show the impact of the PV error on the components of the multi-port converter and the limited impact on
the BESS and EV charge state. In this scenario, day 185 has been picked with 20 multi-port converters.

All figures show the forecasted and actual inputs of the BESS state (top-left), the EV state (top-right),
the (dis)charging rate of BESS (middle-left), the (dis)charging rate of EV (middle-right), the PV generation
(bottom-left), and the import and export of the multi-port converter (bottom-right).

Figure 7.67: Moving horizon at timestep 1.
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Figure 7.68: Moving horizon at timestep 24 (6AM)

Figure 7.69: Moving horizon at timestep 48 (12AM)
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Figure 7.70: Moving horizon at timestep 72 (6PM)

Figure 7.71: Moving horizon at timestep 96 (12PM)



8
Conclusion and Future work

8.1. Conclusions
The expected increase in energy consumption and generation in the distribution network will threaten
voltage stability if not properly managed. If the DSO does not want to enhance the current grid, the
network capacity needs to be optimally used.

This thesis aims to develop a control structure that can utilise this capacity while preventing voltage
violations. By using a multi-port converter, a structure is available for various voltage correction and pre-
vention methods. Furthermore, the converter’s energy management system optimises costs for the users,
creating an initiative for both DSO and consumers. The multi-port converter can combine the Volt-Watt
and Volt-VAR correction methods, which is absent in the literature. Moreover, by using a moving hori-
zon window, many of the hazards can be averted in advance. Due to the uncertainty in forecasting data,
additional real-time controllers and reference trackers had to be made.

The combination of using Volt-Watt and Volt-VAR usually is unheard of due to the loss of energy, as
its primarily used in PV systems. More control over the voltage has been achieved by using the multi-port
converter than the popular Volt-VAR method.

Numerical experiments have shown that Volt-Watt, Volt-VA sensitivity (with or without power factor
restrictions), and Volt-VA incremental (with or without power factor restrictions) can correct the voltage in
the forecast. The difference between the sensitivity and incremental Volt-VA show no considerable advan-
tages. The Volt-VAR as a correction method is less capable of preventing voltage deviation. Furthermore,
enabling price fluctuations to facilitate multi-port converters to buy excess energy or feed-in power during
peak hours prevents voltage violations.

The first sub-goal of this thesis, making it gradually possible, has succeeded. Even with a reduced
amount of multi-port converters, the voltage can be rectified. However, this is heavenly dependent on the
accuracy of the data. The second sub-goal is to implement real-time control to correct the voltage over a
short period. The real-time controller showed capable of removing voltage hazards by compensating using
active power. Reducing the power factor can result in miscalculation by the real-time controller due to a
mismatch between the real-time converter and the reactive power setpoints.

8.2. Future Work
This section list the possibilities for future work:

• In this thesis, various parameters (e.g. battery size, converter limits) have a predefined value. An
optimisation could be made to calculate the amount of capacity needed for the converter to guarantee
stability.

• The heat pump in this thesis is considered a non-flexible load. An optimisation scheme could be
integrated into the EMS to incorporate the energy demand and schedule the heating and cooling of
the house. Furthermore, the heat pump could be used to decrease the impact of the forecasting error
by using the heat pump as a load if too much PV energy is generated.

• Using voltage unbalance. In this thesis, the voltage is assumed to be balanced. This is assumed
as all the significant loads are balanced (heat pump, Pconv with multi-port converter and Pev and
Ppv without multi-port converter). As most residential loads (e.g. appliances) are unbalanced, it can
be assumed the network is unbalanced too. Additional work can be done as the amount of power
through each line can be measured. As the multi-port converter in almost all scenarios has extra
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power left in the converter, it can be optimally divided, amongst the phases, to counteract the voltage
unbalance.

• Although a large time scale from 24h to real-time has been considered in this thesis, the voltage
spikes are not considered. A significant benefit of the proposed control structure is the additional
Vmag that is sent to each house. This information can prevent such voltage spikes, as the multi-port
converter has a reference voltage it should obey. Future work could include a control scheme that
uses the Vmag computed by the VMS to prevent voltage spikes.

• In this thesis, only voltage violations have been taken into account. To prevent congestion in a
distribution network, the current flow should also be taken into consideration. However, this can be
implemented quickly due to the correlation between voltage and current. Additionally to the voltage
correction in the VMS, the current is calculated and corrected using an adaption of the VMS.

• The compensation for real-time control is done by using a linear coefficient. This works by using
the selection method applied in this thesis but would not work if the houses were randomly selected.
Future work would include composing a method that can determine this needed ratio.

• When the EV is unavailable, the reserved BESS capacity to guarantee maximum (dis)charging ca-
pacity is not always needed. A scheme can be developed to reserve the needed capacity based on
additional factors.



A
IEEE European Low Voltage Test

Feeder

The Line characteristics are summarised in Table A.1. Figure A.1 shows the single line diagram of
the IEEE European Low voltage Test Feeder by cable type.

Table A.1: Cable types used in the IEEE European Low voltage test feeder with corresponding Resistance and Admittance.[57] Here,
R1/X1 are the Positive-Sequence resistance/reactance per unit length and R0/ X0 are the Zero-Sequence resistance/reactance per unit
length. Due to the short distance the capacitance of C1 and C0 are zero.

Name phases R1(Ω/km) X1(Ω/km) R0(Ω/km) X0(Ω/km) C1(F ) C0(F )
2c_.007 3 3.97 0.099 3.97 0.099 0 0

2c_.0225 3 1.257 0.085 1.257 0.085 0 0
2c_16 3 1.15 0.088 1.2 0.088 0 0

35_SAC_XSC 3 0.868 0.092 0.76 0.092 0 0
4c_.06 3 0.469 0.075 1.581 0.091 0 0
4c_.1 3 0.274 0.073 0.959 0.079 0 0
4c_.35 3 0.089 0.0675 0.319 0.076 0 0
4c_185 3 0.166 0.068 0.58 0.078 0 0
4c_70 3 0.446 0.071 1.505 0.083 0 0

4c_95_SAC_XC 3 0.322 0.074 0.804 0.093 0 0

Bus

2c_.007

2c_.0225

2c_16

35_SAC_XSC

4c_.06

4c_.1

4c_.35

4c_185

4c_70

4c_95_SAC_XC

Figure A.1: A single line diagram of the IEEE European LV Test Feeder by cable type.
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Figure A.2 shows a bar graph, of the positive-sequence R/X ratio, of the distribution lines used in the
IEEE European low voltage test Feeder.
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Figure A.2: Bar graph of the positive-sequence R/X ratio of the cables of the IEEE European Low voltage test Feeder.



B
Newton-Raphson Power flow equations

The current through a line, is described by:

I = Y V (B.1)

Here, Y is the admittance, I the current and V the voltage. If this extended to a n bus system, the
equation in matrix form becomes:

I1

I2
...

Ii
...

In


=



Y11 Y12 · · · Y1i · · · Y1n

Y21 Y22 · · · Y2i · · · Y2n
...

...
. . .

...
...

Yi 1 Yi 2 · · · Yi i · · · Yi n
...

...
...

. . .
...

Yn1 Yn2 · · · Yni · · · Ynn





V1

V2
...

Vi
...

Vn


(B.2)

A single line of Equation B.2 can be written as:

Ii =
n∑

j=1
Yi j V j (B.3)

where n is the total buses in the network. Written in Polar form, this becomes:

Ii =
n∑

j=1
|Yi j ||V j |∠θi j +δ j (B.4)

where δ j is the angle of the Voltage V j and θi j is the angle of the admittance Yi j .

The complex power at bus i is described as:

Pi − jQi =V ∗
i Ii (B.5)

when Equation B.4 is filled in Equation B.5, this results in:

Pi − jQi = |Vi |∠−δi

n∑
j=1

|Yi j ||V j |∠θi j +δ j (B.6)

By separating the equation into a real and imaginary parts, the power flow equations are obtained.
These are described as:

Pi =
n∑

j=1
|Yi j ||Vi ||V j |cos(θi j +δ j −δi )

Qi =−
n∑

j=1
|Yi j ||Vi ||V j |sin(θi j +δ j −δi )

(B.7)
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Acronyms

AC Alternating Current.

ADN active distribution network.

APC active power control.

BESS battery energy storage system.

CB capacitor bank.

DC Direct Current.

DER distributed energy resources.

DG distributed generation.

DN distribution network.

DSM demand side management.

DSO distribution system operator.

DVR Dynamic voltage restorer.

EMS energy management system.

ESS energy storage system.

EV electric vehicle.

FACTS Flexible alternating current transmission systems.

GAMS General Algebraic Modeling System.

HVCS Hierarchical voltage control structure.

MPC model predictive controller.

MPPT Maximum power point tracking.

NLP non linear programming.

OLTC on-load tap changer.

p.u. per unit.

PCC Point of common coupling.

PV Photovoltaics.

RES renewable energy sources.

RPC reactive power control.

SCADA supervisory control and data acquisition.

STATCOM static compensators.

SVC Static VAR compensator.

SVR step voltage regulators.

TN Transmission network.

TSO transmission system operator.

V2G vehicle-to-grid.

VMS Voltage management system.

VVC Volt-VAR control.
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Nomenclature

∆Ebat ,dcap Battery degradation per time step [kWh/h]

∆Ebat ,dcap Total battery degradation over a day [kWh]

∆k Optimisation time step interval [h]

∆Pbat Real-time variation in BESS (dis)charging [kW]

∆Pconv Real-time variation in export/import of the multi-port converter [kW]

∆Pev Real-time variation in EV (dis)charging [kW]

∆Pload ,er r or Real-time load error in the distribution network [kW]

∆Pload Real-time variation in load demand [kW]

∆Ppv,er r or Real-time PV error in the distribution network [kW]

∆Ppv Real-time variation in PV generation [kW]

∆Ptot al ,er r or Real-time total error in the distribution network [kW]

∆Vi Difference in voltage at bus i [V]

ηbat (Dis)charging efficiency BESS [%]

ηconv Importing/Exporting Converter efficiency [%]

ηev (Dis)charging efficiency EV [%]

ηg r i d Cable efficiency [%]

ηMPPT Efficiency of MPPT [%]

λbuy Buying price electricity [Euro]

λsel l Selling price electricity [Euro]

λbuy Altered buying price [Euro]

λbuy Altered selling price [Euro]

Cbat ,so f t Total cost BESS soft constraint

Cbat Total operational cost BESS [Euro]

Cdev Cost charge deviation

Cev,so f t Total cost EV soft constraint

Cev Total operational cost EV [Euro]

Cg r i d Total energy cost [Euro]

Cpv Total cost PV [Euro]

Ctot al Total cost of operation multi-port converter [Euro]

Emax
bat Maximum BESS capacity [kWh]

Emax
ev Maximum EV capacity [kWh]
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118 Nomenclature

Ebat ,1 Battery charge reference tracker [kWh]

Ebat ,dev Penalised charge deviation [kWh]

Ebat , f i nal Final capacity BESS [kWh]

Ebat ,i ni t Initial capacity BESS [kWh]

Ebat ,l i m Reserved capacity BESS [kWh]

Ebat ,np Maximum possible charge deviation without penalty [kWh]

Ebat ,so f t Soft constraints BESS [kWh]

Edep,so f t Soft constraint for departure of EV

Eev,ar r EV charge at arrival [kWh]

Eev,dep EV charge at departure [kWh]

Eev, f i nal Final capacity EV [kWh]

Eev,i ni t Initial capacity EV [kWh]

Eev,so f t Soft constraints EV [kWh]

EVavai l Availability of the EV

Ibat BESS cell current [A]

Ii j Current flow from bus i to j [A]

Ii j Current through the line from bus i to j [A]

k Optimisation time index

kev,ar r Time index step of arrival

kev,dep Time index step of departure

kr es Time step index for power reservation

Npar al l el
bat Number of battery cells in parallel for BESS

Npar al l el
ev Number of battery cells in parallel for EV

Nser i es Number of battery cells in series

P Active Power [kW]

Pconv,pv,r es Maximal curtailment capacity PV [kW]

Pmax,ex The maximum allowed export of active power from the multi-port converter [kW]

Pmax,i mp The maximum allowed imp of active power to the multi-port converter [kW]

Pmax
bat Maximum BESS (dis)charging power [kW]

Pmax
conv,bat ,ch Maximal charging capacity BESS [kW]

Pmax
conv,bat ,di s Maximal discharging capacity BESS [kW]

Pmax
conv,conv,ex Maximal export capacity BESS [kW]

Pmax
conv,conv,i mp Maximal import capacity BESS [kW]

Pmax
conv,ev,di s Maximal Charging capacity EV [kW]

Pmax
conv,ev,di s Maximal Discharging capacity EV [kW]

Pmax
ev Maximum EV (dis)charging power [kW]
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Pr ated
pv Installed PV capacicity Power [kWp]

Pbat Energy to/from the BESS from/to the multi-port converter [kW]

Pcap,ex Maximal export capacity for each multi-port converter [kW]

Pcap,i mp Maximal import capacity for each multi-port converter [kW]

Pconv Import to/from the AC/DC converter of the multi-port converter [kW]

Pdr i ve Power used when EV is not available at the house [kW]

Pev, f c Forecasted energy demand for EV with houses without a multi-port converter [kW]

Pev Energy to/from the EV from/to the multi-port converter [kW]

Pg r i d ,ex Power exchange multi-port converter to the distribution network [kW]

Pg r i d ,i mp Power exchange multi-port converter from the distribution network [kW]

Pg r i d Power exchange multi-port converter with distribution network [kW]

Ploss
i j Active power losses from bus i to j [kW]

Pload ,act Actual load demand [kW]

Pload , f c Forecasted load demand [kW]

Ppv,act Actual PV generation [kW]

Ppv, f c Forcasted PV generation [kW]

Ppv Energy from the solar panels to the multi-port converter [kW]

Pr es Reserved Power exchange by the DSO [kW]

pf Power factor angle [rad]

Q Reactive Power [kVAR]

Qmax
conv Maximum amount of reactive power support [kVAR]

Qconv Reactive power output multi-port converter [kVAR]

Ri j Resistance from bus i to j [Ω]

rpv Ratio PV generation in multi-port converters and total PV generation

S Apparent Power [kVA]

Smax
conv Maximum apparent power rating of the multi-port converter [kVA]

SoCbat State of charge BESS [%]

SoCdepar t State of charge EV at departure [%]

SoCev State of charge EV [%]

Vi Voltage at bus i [V]

Vbat Value of BESS battery per kWh [Euro]

V0
bat Initial value of BESS battery per kWh [Euro]

Vev Value of EV battery per kWh [Euro]

V0
ev Initial value of EV battery per kWh [Euro]

Vmag Voltage magnitude computed by VMS [V]

Voc,bat Open circuit Voltage BESS [kVA]

Xi j Reactance from bus i to j [Ω]

Yi j Admittance from bus i to j [S]
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