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Contribution of electric vehicles to power
system ancillary services beyond distributed
energy storage

Sergio Martinez', Hugo Mendonga’, Rosa M. de Castro’
and Danny Ochoa’

Current electric power systems are experiencing a steady growth in renewable
electricity generation and in energy consumption from electric vehicles (EV),
involving a number of impacts on the system that increase with the penetration
level and the system weakness. As conventional synchronous generation is being
displaced by renewable generators, they must take their share in the ancillary ser-
vices provision and supplementary equipment has to be installed, with its asso- |
ciated cost. This chapter describes how EVs, already connected to the grid with
approptiate electronic converters and controls, can be used for contributing to the
provision of frequency and voltage control, thus avoiding additional investment in
supplementary equipment. The chapter also presents innovative approaches for
both ancillary services, based on previous developments in electricity generation
from wind and wave energies.

List of abbreviations

AC Alternating Current

BESS  Battery Energy Storage System
DC Direct Current

DG Distributed Generation

EV Electric Vehicle

LFC Load Frequency Control

LV Low Voltage

PQ Active power and reactive power specified
PV Active power and voltage specified
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s Root Mean Square

RoCol  Rate of Change ol Frequency

SAVFl System Average Voltage Fluctuation Index
SoC State of Charge

10.1 Introduction

Current electric power systems have experienced an extraordinary growth in elec-
tricity generation from clean energy sources during the last years, mainly due to
steady cost decline for wind and photovoltaic (PV) technologies [1]. This growth is
expected to continue in the coming years along with an increase in the number of
electric vehicles (EV) connected to the power system for recharging. Both renew-
able electricity generation and energy consumption from EVs involve a number of
impacts on the power system to which they are conneeted, which increase with the
penetration level and the system weakness [2]. Since this level is already high in the
case of renewable generation and it will be steadily increasing in the case of EVs,
power systems face the challenge to integrate them in a way so that reliability and
efficiency are not affected [3].

To contribute to achieve this goal, a natural approach is to take advantage of the
rising number of EVs connected to the grid, with an increasing storage capacity in
their batteries, by using them as distributed energy storage for wind or PV plants [4].
Beyond this approach, apart from generating clectricity, renewable generators
should also be involved in providing ancillary services, such as voltage control,
power-frequency control and other grid-support tasks. In older power systems, the
bulk electrical energy was generated at conventional power plants, such as hydro-
electric or thermal ones, equipped with synchronous electrical generators that, in
addition to generating electricity, provided most of the ancillary services, In current
power systems, the synchronous generation is being largely displaced by renewable
generators, and they must also take their share in the ancillary services provision.
As they do not have the same capabilitics as the conventional plants they displace.
supplementary equipment has to be installed, with its associated cost. EVs seem {0
be one of the eminent resources for providing various ancillary services due to their
defining properties: they are a large load compared with other residential loads,
they have quick response with potential bidirectional power flow capabilities and
they are available most of the times with a high degree of flexibility [5]. This
chapter describes how EVs with appropriate electronic converters and controls,
which are already connected to the grid, can be used for contributing to the pro-
vision of frequency and voltage control thus avoiding additional investment in
supplementary equipment. For example, [6] describes a field-test demonstration in a
real Danish distribution grid with an EV providing three ancillary services through
unidirectional AC charging.

In relation to the role of EVs in the frequency control of power systems with
high levels of renewable generation, it is relevant that the intermittent and non-
dispatchable character of wind and PV energy impacts the power system
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performance in terms of frequency perturbations. Contribution of EVs to secondary
and even tertiary frequency controls has been widely described in the literature, for
example in [7] and [8]. Lately, some works that deal with taking advantage of EVs
connected to the grid for primary power-frequency control have been published.
For example, [9] presents a fuzzy controller that, in addition to secondary control,
implements a primary frequency control based on perfect and non-delayed infor-
mation. Section 10.2 of this chapter describes how EVs can contribute to primary
power-frequency control and system inertia, and it also presents the authors’ pro-
posal for a decentralized control approach, independent of communication links, as
an adaptation to connected EVs of the strategy presented in [10] for variable speed-
wind turbines.

On the other hand, the reactive power support from distributed generation
(DG) opens a range of possibilities to improve the voltage quality. Many approa-
ches address the Volt/var control for voltage regulation, for example [11,12]. In
this sense, EVs can be seen as a potential solution to contribute to the voltage
regulation of highly renewable energy—penetrated power systems. In fact, [13]
proposes a strategy to mitigate over/undervoltage issues by the interaction between
electrical vehicles and on load tap-changing transformers. However, the DG
penetration does not only affect the voltage level of the grid but also introduces
voltage fluctuations caused by the nature of primary sources (solar, wind...) [14]
formulates a set of rules that seem interesting to assess the voltage fluctuation in
customers that share a distribution service transformer. Although they have been
carried out only with PV generation, they could be extrapolated to any other DG.
[15] summarizes the impact on the grid of fluctuating power generation and pre-
sents a fluctuation power index to relate the voltage fluctuation mitigation with the
power fluctuation in the case of storage devices. Reference [16] also uses a storage
device to smooth the voltage fluctuation. In this case, the DC-link charges and
discharges to smooth the voltage fluctuation in the AC-side. Other mitigating
methods can be found in [17] and references therein. Section 10.3 describes how a
fluctuating active power injection leads to grid voltage fluctuations and presents the
authors’ proposal of a reactive power controller for mitigating those fluctuations by
using EVs already connected for recharging, without any other additional equip-
ment. This proposal is a simple yet effective adaptation of a control strategy pre-
viously developed by the authors for wave energy—conversion systems [18].

10.2 Contribution of electric vehicles to the power
system frequency control

As stated in the introduction, this section of the chapter aims at describing how
secondary and tertiary frequency controls can be complemented in the short and
very short terms with the contribution of EVs to primary power-frequency control
and system inertia. The section describes the theoretical basis of the problem and
how EVs connected to the grid for recharging can be used for mitigating frequency
perturbations by means of an intelligent control on their charging process.
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The phenomena involved and the performance of the proposed strategy are illu-
strated with simulations on a test network.

10.2.1 Theoretical background

In general, the frequency of a power system has to be kept constant, but it depends
on the active power balance in the system. A variation of the active power con-
sumed by a load at a given bus leads to a frequency variation in the whole system,
reproduced as a speed variation in synchronous rotating generators. As frequencies
or speed variations are the consequence of active power imbalance in the system,
they are used as control signals for its compensation by acting on the active power
injected by generators. Primary (fastest) frequency control is performed by the
speed governots of generators and secondary and tertiary (slowest) controls are
used for allocating generation.

10.2.2  Case study

In order to illustrate the potential contribution of the EV to the grid-frequency-
control tasks when it is plugged into the network, the simple power system depicted
in Figure 10.1 will be considered as a case of study. This power system is char-
acterized by two conventional generation technologies: hydroelectric and thermal,
which are supplying a single electric load. On the demand side, the aggregated
effect of the integration of EVs under recharging has also been considered.
According to this approach, the EV is seen as a battery energy storage system
(BESS) from the grid side. This BESS is equipped with a grid-connection interface
based on a power electronic converter. In this diagram, Ppggss is the three-phase
active power injected or consumed by the EV-Battery under discharge and charge
conditions, respectively. The selection of one or another operation mode will
depend on certain control criteria implemented in the power controller that governs
the DC/AC converter; although, it is important to mention that, traditionally, the
EV is considered as an energy-consumption component of the grid.

Figure 10.2 illustrates the load frequency control (LFC) scheme that represents
the short-term dynamics of the power system under study [19]. This representation
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Figure 10.1 Test power system
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Figure 10.2 LFC scheme of the test power system

Table 10.1 Constant of inertia and LFC-participation
weights of the generation technologies

Type of power plant Hs) w; (%)
Hydro 3.6 40
Thermal (Nuclear) 7 40
EV-Battery - 20

is derived from the swing equation of a synchronous generator, linearized by
considering small deviations of the variables involved. In this scheme, the constant
of inertia, Hr, represents all the available inertial resources and it is constituted by
the individual constant of inertia of the operating synchronous generation groups,
whose typical values are listed in Table 10.1 [19,20].

On the other hand, the time frame used in this type of analysis (usually, in the
order of the seconds) allows focusing the study of the temporal behaviour of con-
ventional generation technologies on the response of the speed governors of their
respective mechanical drives. The simplified models of the speed governots that
are shown in Figure 10.2 are taken from [19], and the typical values of their vari-
ables are summarized in Table 10.2.

AP, and AP, are the deviations of the mechanical power of the mechanical
drives of the hydraulic and thermal generator in response to the presence of grid-
frequency deviations, Aw. AP; is the electric load deviation and, for this case of
study, the only source of disturbance. The damping effect of the load is represented
by the constant D (where a typical value of 0.5 p.u. has been taken for this
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Table 10.2  Speed governor paramelers

Parameter Value and units
Hydro Thermal

Droop, R 5% 5%

Main servo time constant, 7 02s 02s

Maximum gate opening rate 0.16 pu/s 0.05 pu/s

Maximum gate closing rate —0.16 pu/s  — 0.1 pu/s

Water time constant, 7,, ls

Temporary droop, Ry 0:4 pu

Reset time, 7, 5s

Fraction of total turbine power generated by high pressure, /yp 0.3

Reheater time constant, Ty, Ss

Time constant of main inlet columns and steam chest, 7Ty 03s

example). APppgs is the injected/consumed EV-Battery active power deviation,
Within the considered time scale, this variable will be practically negligible due to
the slow charging and discharging process. However, when a grid-frequency-
sensitive algorithm is implemented on the active power controller of the EV-
Battery, the value of APggss will begin to gain importance. All the variable
deviations introduced before are defined regarding to their respective pre-
disturbance values.

Finally, the terms w, w, and wgy are the participation weights of each gen-
eration technology within the LFC scheme, which are defined as the ratio of their
respective installed capacity and base power. In this case, the chosen base power
corresponds to the total active power of the load. According to this criterion, these
factors will reflect the energy share of each type of generation for the electrical load
supplying. The assigned values for the participation weights are presented in
Table 10.1.

The perturbation applied to the test power system is modelled as a sudden
increase of 1% of the electric load. Therefore, it is expected that the frequency
control tasks are carried out only by the synchronous generators by default. The
time domain simulation results for this case of study are shown in Figure 10.3 as the
grey solid lines. These illustrations that show the behaviour of the variables of
interest: Pppgs, grid-frequency, and the rate of change of frequency (RoCoF),
demonstrate that the EV-Battery charger does not contribute to reduce the grid
frequency drop under normal operating mode.

However, if an adequate supplementary control scheme is implemented in the
active power control of the EV-Battery charger, it is possible to provide this device
with an emulated inertial response. The scheme used for this purpose is depicted in
Figure 10.4, as an adaptation of the one proposed by [10]. This scheme has been
originally devised to be implemented in a variable speed-wind turbine. Hence, after
some modifications that scheme could be adapted for allowing its incorporation in
the EV-Battery charger used in this study.

_
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Figure 10.3  Time-domain simulation results: (a) Default EV-Battery charger
operation mode (grey solid lines), (b) and (c) Frequency support
provided by the EV-Battery charger (black solid lines)

The proposed frequency-control scheme has two control loops: one depends on
the grid-frequency deviation (computed as the difference between the nominal
frequency, f,,n, and the measured frequency, f;) and the other one depends on the
time derivative of the grid frequency. The output signals of both loops (AP} and
, AP3) are added to the default active power set-point of the battery charger, Pc.
k These three signals constitute the active power set-point signal of the modified EV-
Battery charger, Pliss. The dynamic gains that govern the control actions in the
supplementary control scheme are defined by (10.1) and (10.2), and depend on the
. current state of charge (SoC) of the battery. In this example, the initial SoC is
chosen as 0.5 p.u., the maximum state of charge (SoC,,4.) as 1 p.u., the initial droop
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Figure 10.4 Frequency-control scheme implemented in the EV-Battery charger

(Ro) as 2%, the initial RoCoF-constant (Ko) as 50, and the time constant of the low-
pass filter, T}, is set to 100 ms.

Ry = Ro Socnmx i SoC u (101)
[pu] [pu]
K; = Ko SoClpg (10.2)

Black solid line plots in Figure 10.3 show the benefits of enabling the EV-Battery
chargers to provide frequency support to the grid. For this example, the frequency
nadir is reduced to 53% and the peak absolute rate of change of frequency is
decreased to about 35%.

At this point, the reader should bear in mind that this simple example is
intended to demonstrate that power systems can take advantage of the massive
integration of BV into the grid for the provision of ancillary services, in this case,
the frequency control. However, putting this into practice could constitute a chal-
lenging task from a technical, social and economic points of views due to several
reasons, such as: the majority existence of single-phase charging stations with the
consequent unbalance of the grid, the lack of policies that guarantee the availability
of enough number of connected EVs for the provision of ancillary services, control
strategies that allow guaranteeing an adequate level of charge when the EV is
unplugged, the absence of economic policies for compensating the EV-owner since
its battery is used for activities that are responsibility of the system operator, a
conclusive research about the effects of the charge and discharge actions on the
battery aging, and others.
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10.3 Contribution of electric vehicles to voltage control

The fluctuation of the power injected into the grid by wind and PV generators
impacts mainly on the power system frequency, and has an impact on the grid
voltage. This section of the chapter describes how a fluctuating active power
injection leads to grid voltage fluctuations and presents an unbalanced three-phase
power flow algorithm that allows to quantitatively analyse the voltage evolution at
every phase and bus of a distribution grid driven by this power injection. It
also shows how connected EVs can be used for mitigating the grid voltage fluc-
tuations by making use of the reactive capability of the grid-side converter. The
performance of the strategy is illustrated with simulations on a test-distribution
network based on the European low-voltage (LV) distribution network benchmark
with DG from Cigré [21], which presents structural unbalance and unbalanced
loads.

10.3.1 Theoretical background

To show how a fluctuating active power injection at a given bus leads to grid
voltage fluctuations, let us consider a simplified representation (Figure 10.5) of the
grid supplying the bus as a balanced system described by its Thévenin equivalent
circuit, with voltage phasor £ = £ (cosd + j sind) and series impedance Z = R + j
X, and a generic bus with:

o A constant power load. Active and reactive power absorbed by the load, P and
Q, are independent of bus voltage, V, that is considered the phase origin,
V="

e An electric vehicle load with constant active power consumption, Pgy, and
controllable reactive power, Q.

e A renewable generator with fluctuating active power and constant reactive
power generation, Py and Q,.

Elcctric
vehicle

Rencwable
generator

—p Load

Figure 10.5 Simplified representation of a generic bus
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If'the current phasor flowing from the grid towards the bus, /, is expressed in terms
of powers:

L=[(P+ P —Py)—i(Q+ Our — Q)] /¥, (10.3)

the bus voltage, V = £ - ZI, can be written as

V = E(cos & +jsin d) — [R (P + Py — Pg) +X (Q + Oy — Q&)] /v
X (P4 Pry = Pe) = R(Q+ Qv —~ Q)] /V
(10.4)

As 9 is small, the imaginary part of (10.4) is negligible and:
V2 EV+R(P+ Pey — Py) + X (O + Quy — Q) = 0 (10.5)

Fluctuations of the active power generated at the bus, AP,, along with possible
variations of the reactive power consumed by the EV, AQy, lead to bus voltage
variations, AV. Taking into account that P, Q, P, and Q. are supposed to be
independent of voltage, and neglecting second-order terms in (10.5):

AV = (RAP; — XAQgy)/(2V — E) (10.6)

In transmission grids, voltage is mostly sensitive to reactive power variations
because R is small in comparison with X. In distribution grids, where R and X are
similar, the bus voltage is sensitive to variations in both active and reactive powers.
The first term of (10.6) shows that fluctuations of the active power injected in the
bus do induce voltage fluctuations. But the second term of (10.6) shows that a
controllable reactive power consumption from an EV can compensate these
fluctuations.

10.3.2  Unbalanced three-phase power flow

Equation (10.6) gives a first approach to the problem in balanced grids and it is
helpful for understanding the general idea. However, it is not suitable for a quan-
titative assessment in real distribution networks, with unbalanced loads, asymmetry
of untransposed lines, and single-phase lines. In this case, more sophisticated
analysis tools, like an unbalanced three-phase load flow, are needed [22]. For
example, [23] describes a formulation based on current residuals in the sequence
frameware, for a N bus network with N, PV buses (buses in which active power
and voltage are specified), the 6NV unknowns are the real and imaginary parts of
zero (0), positive (1) and negative (2) sequence bus voltages. The corresponding 6NV
current mismatch equations can be written as

=

2
ALY =10+ 373 imy ), withi,k
k=1m=0

=1,2,...N; j, m=0,1,2

(10.7)

>
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where: j, m are the indices for sequence components; i, k are the subscripts for
buses  and k, respectively; I, is the current demanded at bus i for sequence /
due to the loads and generators connected to the bus; ¥, = ¥, j v,
represents the complex voltage at bus & and sequence component m and ¥,V =
GyU™ + iB,U™ is the sequence component admittance matrix element that con-
nects bus i with bus £.

The system of 6/ nonlinear complex equations (10.7) can be solved by a
Newton-Raphson recursive algorithm by splitting it into 12N nonlinear real equa-
tions for the real and imaginary parts of current mismatches:

N 2

MG =10, +3°3 (4 - s v ] (10.8)
=1 m=0
N 2

A =10 S [Bf’k”' o) 4 Gy V{,)] (10.9)

=~
I

1 m=0

10.3.3 Contribution of electric vehicles to voltage control

While an EV is connected to the grid through a power electronic converter for
recharging, or even for injecting power into the grid in case of a bidirectional
converter, the main function of the grid-side part of the converter is to keep the
voltage of its DC link constant by transferring the active power from the grid to the
vehicle, or vice versa. But advanced converters are also able to interchange reactive
power with the grid, within given limits that are defined by a current, /,,,,,, or a volt-
ampere (VA) constraint, S,,,.,, Sometimes complemented with other limits related to
stability or other practical issues. According to (10.6), for a balanced system and
for a given active power generation (AP, = 0), if the converter is set to increase its
reactive power consumption or decrease its reactive power injection (AQg,> 0),
the bus voltage will drop. Conversely, if a decrease in the reactive power absorption
of the converter, or an injection increase, is imposed (AQgy< 0), the bus voltage
will rise. Thus, the reactive capabilities of the converter can be used for the addi-
tional objective of controlling the bus voltage.

Real power systems, particularly at the distribution level, are more compli-
cated, as they are unbalanced, that is, the bus voltages are different for each phase.
Additionally, the grid-side part of an electric vehicle power converter can adopt
different topologies. A common one is a three-phase inverter, only able to inter-
change three-phase balanced reactive power with the grid, from just one control
variable, for example, the mean of the rms voltage in each phase of a bus, as in [18].
As the electrical dynamics is much faster than that of the oscillations induced by
the active power variations of renewable generators, the distribution grid can be
seen as quasi-static, and the voltage phasors in each bus and phase can be computed
in steady state as the response to a given time-variable input, Py(2).
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10.3.4  Case study

The three-phase power flow formulation described in Section 10.3.2 allows asses-
sing in detail the impact on the voltages at different buses on the grid of a fluctu-
ating active power injection, P,(t), at a given bus. To illustrate its application, let us
consider the European LV distribution network with DG [21] shown in Figure 10.6.
This distribution grid is unbalanced due to line asymmmetries and the unbalanced
characteristic of the loads. In this case, the loads are modelled as constant power,
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Figure 10.6 Modified European LV distribution network with distributed
generation [21]
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although they could be replaced by constant impedance or constant current or a
combination of any of these three models.

As a case study, the original test grid is modified so as to include three EVs as
part of the loads in buses R15, R16 and R18. They are modelled as constant PQ
balanced loads (balanced loads in which active and reactive powers are specified)
and, once connected to the grid, they absorb a constant active power of 7 kW and
can absorb or generate reactive power with a limit of 5 kvar.

Figure 10.7 shows the details of each phase voltage at every bus of the mod-
ified test grid, computed by using the load-flow formulation of Section 10.3.2,
without DG and electric vehicles.

To show the impact of a fluctuating active power injection from the DG at
buses R15, R16 and R18, the profiles of P,() shown in Figure 10.8 have been
considered. The active power time seties from the generator at bus R15 has been
obtained from the per unit profile of the base case of Figure 10.13 in [24], scaled to
a rated power of 5.5 kW. Similarly, the active power time series from both PV
generators, at buses R16 and R18, have been obtained from [25] and scaled to their
rated power of 4 and 3 kW, respectively.

Time evolution of the grid magnitudes can be computed as successive quasi-
steady states, obtained from the power flow formulation of Section 10.3.2, via a
continuation load flow [26]. The black solid lines of Figure 10.9 show the thus
computed time evolution of the three-phase voltages at buses R15, R16 and R18,
revealing the variations induced by the fluctuating active power injection from the
wind generator. Although the voltage variations are stronger at bus R15, they are
also propagated to the other buses of the grid.
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Figure 10.7 Phase voltages of the modified test network
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As stated in Section 10.3.3, the EVs connected for recharging can be used for
mitigating the grid voltage fluctuations by using the reactive capability of their
charger converter. For example, Figure 10.10 shows a simple implementation of a
reactive power controller at a generic bus, i, where the plant is the power flow
formulation of Section 10.3.2 and the outputs are the three-phase rms voltages. As
the bus voltages are different for each phase and the grid-side converter is only able
to generate three-phase balanced reactive power, the controller uses the mean bus
voltage, defined as the mean of the rms voltage in each phase.

The grey lines of Figure 10.9 show the computed time evolution of the three-
phase voltages at buses R15, R16 and R18 when the var compensation from the
EVs is implemented. Generally, the voltage fluctuations are clearly smoothed.

Note, however, that there are some periods in which the reactive capability
limits of the EV converters (45 kvar) are reached and, thus, the smoothing cap-
ability is also limited. To gain a deeper insight into this issue, Figure 10.11 shows
the evolution at buses R15, R16 and R18 of: the mean voltage (black solid lines),
the mean voltage set point of the controller (black dotted lines) and the reactive
power absorbed by the electric vehicle converters (grey solid lines).

Figure 10.12 shows the effect of using the reactive power compensation from
the EVs in all the buses of the grid as the difference between the maximum and
minimum voltages of the period at each phase.

A more systematic analysis of the reduction of voltage fluctuations can be
derived by extending the [27] definition for balanced networks to an unbalanced
power system as

T
VFio =1/T > [Veo(t) = Violt — 1)) (10.10)
t=1

where T is the number of time samples of the period under study and VFq is the
voltage fluctuation index at bus k& and phase ®. From this, the system average
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Figure 10.10 Simple reactive power controller for the electric vehicle grid-side
converter
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Figure 10.11 Evolution of voltage and reactive power
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Figure 10.13  System average voltage fluctuation index per bus, with and without
reactive power compensation from electric vehicles

voltage fluctuation index (SAVFI) per bus [28] can be computed as
SAVFl = 1/ngy  xVFra (10.11)

where ng and x are the number and set of phases at bus &, respectively.
Figure 10.13 shows the SAVFTI for each bus of the test network for the 200 s petiod
under consideration, without and with reactive power compensation.

10.4 Conclusion

This chapter has shown how EVs connected to a power system for recharging can
be used as providers of the ancillary services of primary frequency control, inertia
and voltage control. Appropriate control strategies have been presented for these
services and their effectivity has been tested for some simulation case studies.
Further research will include a wider variety of cases and practical implementation
at a microgrid.
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