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Towards a comprehensive framework for V2G
optimal operation in presence of uncertainty

Riccardo Vignali, Alessandro Falsone, Member, IEEE, Fredy Ruiz, Giambattista Gruosso

Abstract— As the global fleet of Electric Vehicles keeps
increasing in humber, the Vehicle To Grid (V2G) paradigm
is gaining more and more attention. From the grid point of
view an aggregate of electric vehicles can act as a flexible
load, thus able to provide balancing services. The problem
of computing the optimal day-ahead charging schedule for
all vehicles in the fleet is a challenging one, especially
because it is affected by many sources of uncertainty. In
this paper we consider the uncertainty deriving from arrival
and departure times, arrival energy and services market
outcomes. We propose a general optimization framework
to deal with the day ahead planning that encompasses
different kind of use-cases. We adopt a robust paradigm
to enforce the constraints and an expectation paradigm for
the cost function. For all constraints and cost terms we
propose an exact formulation or a very tight approximation,
even in the case of piece-wise linear battery dynamics.
Numerical results corroborates the theoretical findings.

Index Terms— Vehicle to grid; Ancillary services; Uncer-
tain optimization

[. INTRODUCTION

HE global fleet of Electric Vehicles (EV) has expanded

exponentially during the last decade, arriving to more
than 7.2 millions by 2019, [1]. For the electric grid, EVs
are flexible loads that can be exploited to improve the ef-
ficiency of network operation. However, the impact of a
single EV on the grid is marginal and a large population is
required to offer adequate services to the system operator,
[2]. Aggregators are new market participants, whose aim is
to properly coordinate the actions of costumers to participate
in electricity markets, [3]. An aggregation of energy users can
support the grid operation, for example alleviating technical
constraints, reducing peak-load or acting as a virtual power
plant. Within the electrical market, the integration of vehicle
charging systems offers new opportunities but also new issues
[4]-[8]. It will be possible to plan vehicle recharges so that
production overloads can be managed or vehicles can be used
as synthetic inertia, but at the same time there are instabilities
due to simultaneous and unpredictable access to infrastructure

This work has been financed by the Research Fund for the ltalian
Electrical System under the Contract Agreement between RSE S.p.A.
and the Ministry of Economic Development - General Directorate for the
Electricity Market, Renewable Energy and Energy Efficiency, Nuclear
Energy in compliance with the Decree of April 16th, 2018.

Riccardo Vignali is with RSE, via R. Rubattino 54, 20134 Milano, ltaly
(e-mail: riccardo.vignali@rse-web.it).

Alessandro Falsone, Fredy Ruiz, and Giambattista Gruosso are
with the Dipartimento di Elettronica, Informazione e Bioingegneria,
Politecnico di Milano, Via Ponzio 34/5, 20133 Milano, Italy (e-mail:
{alessandro.falsone, fredy.ruiz, giambattista.gruosso} @polimi.it).

in supply points that may already be critical. The use of
vehicle aggregators can be a solution for many of these issues.
A central coordinator that gathers the needs of vehicles and
the network and schedules both charging and discharging in
accordance with pricing policies. Two aggregation approaches
can be distinguished in literature. Incentive-based methods use
price or incentive signals to influence the consumers behavior.
These are unidirectional solutions with reduced infrastructure
requirements. However, they can suffer from reliability issues
because the consumption decision is taken by final users,
that can be influenced by external phenomena [9], [10]. On
the other hand, direct control approaches, assume that the
aggregator can directly manage the loads operation, guaran-
teeing robustness in the actuation of consumption plans, while
requiring bidirectional communication infrastructure [11].

One of the main challenges when designing an aggregation
strategy coping with EV needs is handling uncertainty in the
fleet behavior. Arrival and departure times of each vehicle,
and also the initial State Of Charge (SOC) are fundamental
parameters that the aggregator requires from each vehicle
to properly schedule the power flows. When participating
in wholesale markets, the aggregator must also deal with
uncertainty in the outcomes of ancillary services, [12].

In the context of electrified transportation, different ap-
proaches for the aggregation of EV fleets using direct control
have been proposed. They differ in the objective function to be
optimized, the timeline of the operation and the approach to
deal with uncertainty. For example, in [13] the authors describe
a model for the day-ahead optimization of energy provision
for a fleet of EVs in a deterministic setting, considering
also regulation services. The study concludes that the optimal
bidding strategies exhibit high sensitivity to input parameters
that are uncertain during the actual operation of the system.

Most of the existing solutions to face uncertainty in the
aggregation operation use stochastic optimization to maximize
the expected profit of the aggregator, imposing some limit to
the probability of noncompliance of the imposed constraints.
In [11], the authors use stochastic programming to solve the
scheduling of a fleet of EVs maximizing the profit of the ag-
gregator by charging the vehicles and participating in ancillary
services markets. The model considers uncertainty in market
prices, vehicles availability and reserves activation. A proper
scenario generation and a conditional value at risk formulation
is followed. [14] formulates a stochastic linear program to
minimize the recharging cost of the fleet, facing uncertainty
in energy prices, renewable sources generation and inflexible
loads served by the aggregator. No uncertainty is considered



about availability of EVs. [12] formulates a stochastic opti-
mization problem, considering market prices uncertainty only.
The authors use stochastic p-robust optimization to trade-
off expected profit and maximum related regret. [15] applies
game theory to represent the decision process of EV owners
and use the resulting models to derive an optimal strategy
to participate in energy markets for the aggregator. Recharg-
ing level constraints are imposed in probability, limiting the
noncompliance risk. [16] presents a model to schedule the
over-night charging of EV in residential context. Uncertainty
in arrival time and SOC are considered. Detailed information
about the probability distribution of uncertain information is
required to minimize the risk of constraint violation, including
network overloading, voltage deviation, and low recharging
level. [17] uses a scenario approach to solve a stochastic day-
ahead dispatch problem for a EVs aggregator, considering
also participation in the reserves market. The model considers
uncertainty in market prices only and deals with it using a risk-
constrained formulation. [18] proposes a scenario approach to
solve a two-stage stochastic EV charging scheduling problem.
The model handles uncertainty in EVs availability (arrival
and departure time) and arrival SOC. A receding horizon ap-
proach is applied for real-time operation and EVs with similar
availability patterns are aggregated to reduce the number of
scenarios considered in the optimization.

A second research line to solve the EVs recharging schedul-
ing is the use of robust optimization, where the uncertainty
is formulated in a worst-case scenario. [19] combines robust
and stochastic programming techniques to solve the day-ahead
bidding problem of an EV fleet aggregator. The model con-
siders scenarios to represent market prices, while aggregated
power and energy limits, described by confidence bounds, are
employed instead of arrival and departure times, to represent
vehicles behavior. [2] formulates a multi-objective optimiza-
tion problem minimizing the operational costs and maximizing
the flexibility of the fleet. The model considers the uncertainty
in the arrival time and SOC for each vehicle, while the
departure time is assumed known. A receding horizon strategy
is employed to compensate the deviation caused by the uncer-
tainty, guaranteeing feasibility in the worst-case. [20] uses a
hierarchical model to solve the day-ahead energy provision
problem of an aggregator of EVs with V2G capability. The
model uses a robust formulation considering the uncertainty in
vehicles availability and energy requirements. The upper level
problem maximizes the profit of the operation while two low
level problems determine the worst-case scenarios of battery
draining and power exchange deviations with the grid. [21]
proposes a robust solution to the day-ahead scheduling of an
aggregator that integrates wind power and manages a fleet
of EVs with V2G capabilities. The framework considers the
uncertainty in wind power generation and arrival SOC of the
vehicles. EVs availability is assumed known.

From the previous review it can be noticed that existing
formulations based on stochastic optimization require detailed
information about the probability distributions of uncertain
variables and in most cases result in computationally demand-
ing solutions, while the obtained strategies cannot guarantee to
satisfy the requests from the TSO for all the possible scenarios.

On the other hand, robust formulations mostly focus in the day
ahead planning of the charging/discharging profiles, without
incorporating ancillary services in the aggregator operation.

In this work we propose a general framework to formulate
a day-ahead EVs recharging scheduling problem for an aggre-
gator that operates a parking lot of a company, coping with
most of the limitation of existing solutions. The aggregator
participates in the energy and ancillary services markets.
In the formulation we consider different types of cost and
constraints which can be selected depending on the specific
application. The model uses a robust formulation to deal with
uncertainties in vehicles availability, arrival SOC and TSO
service activation signal in the constraints. The formulation
guarantees that the optimal schedule is feasible for the worst-
case realization of the uncertain variables (which in turn guar-
antees that the TSO requests can always be satisfied), while
the aggregator maximizes its expected revenue for energy
provision and participation in ancillary services provision. We
propose a detailed derivation of the robust counterpart of all
constraints and show how they can be approximated to reduce
the computational complexity in obtaining the solution. We
also provide the analytic expression of the expected value
of the cost function (or an approximation of it) for simple
distributions of the uncertainty parameters. We pay particular
attention to deriving tight approximations so as not to make
the formulation overly conservative. Numerical simulations
show that the proposed robust scheduling framework allows
to maximize the profit of the aggregator while satisfying all
the requests from the TSO and the energy demand of the EV
fleet, in front of a large amount of realizations of the uncertain
variables. Moreover, the computational cost of the algorithm is
low, allowing to handle a large amount of EVs in the operation
of the V2G service.

Notation: For any scalar v € R, we denote its positive part
with [v]" = max{v,0} and its negative part with [v]” =
max{—v, 0}, so that we can always express v = [v]* — [v]~
with [v]" and [v]” both non-negative. The indicator function
over a set V C R" is denoted as 1y (v) and for any v € R"
we have 1y (v) =1 if v € V and 1y (v) = 0 otherwise. For
a generic random variable X, we denote as Px its associated
probability measure, with Px{X € X'} the probability of the
event X € X, and with Ex[-] the expectation (when clear
from the context we will use P and [E without subscript).

[I. PROPOSED FRAMEWORK

Consider the electric vehicle (EV) parking lot of a company.
Assume the company has N employee with an EV, each of
which has one charging station assigned!. Since for most of
the day the vehicles are parked, the company would like to
leverage their internal batteries to provide ancillary services to
the main grid. To this end, the company has to estimate the
power exchange profile and the maximum amount of upward
and downward power variations it will be able to provide for
the next day and communicate them to the main grid. In this
section we formulate a mathematical program to optimally

IThis assumption admittedly restrict the applicability of the framework, but
it enable us to simplify some derivations.



plan such profiles, the company’s goal being to minimize the
EVs charging costs and maximize the revenues associated with
the ancillary service provision. To formulate the finite horizon
optimal control problem we consider a one-day time horizon
discretized into 71" time intervals (referred to as time-slots)
indexed by £k =0,...,7T — 1.

A. Electric Vehicles Modeling

Let us denote by a; (arrival) and d; (departure) the first and
last full time-slots in which EV 1 is plugged into its charging
station, meaning that vehicle ¢ arrives during time-slot a; — 1
and departs during time-slot d; + 1. Even though employees
and their EVs are the same from one day to the next, their
time of arrival/departure may change. Quantities a; and d; are
thus considered to be uncertain, but limited to some intervals
a; € la;,a;) and d; € [d;,d;], with a;,a;,@;,d;, d;, d;i €
{O,...7T—1} and a; Sdz

Each EV is equipped with a battery, whose State Of Charge
(SOC) at the beginning of time-slot k is denoted by ey, ; and,
for k € [a;, d;], obeys the following dynamics

€kt1,i = Q€ + T Nk Phi (D

where 7 represents the time-slot duration, p ; denotes the
average power used to charge (py; > 0) or discharge (p;; <
0) the battery during time-slot k, «; € (0,1] models self-
discharging losses, and

+
n;  DPki=>0
Nkeyi = { L Prs <0 (2)
i
models charging/discharging losses, 7;",7;7 € (0,1] being

the charging/discharging efficiencies. Note that, since py ;
cannot be positive and negative at the same time, charging
and discharging are mutually exclusive.

The battery SOC always stays within a minimum e > 0
and a maximum e;*** > 0 value and therefore

et < ey < e k€ [a;,d;] 3)

must hold for any EV i. By noticing that (1), with 7 ; as
in (2), can be equivalently expressed as

. + 1
€k+1,i = Qj €k i + Tmin {ﬂi Dk Fpk,i} , 4

we can explicitly compute ey ; in (3) as

k—1
k—a; k—1—t . —+ 1
€hi =0 €qitT E a; min {m Pt.i nf’pm} ’

t=a;
&)
as a function of p; ;, t € [a;, k — 1], for all k € [a;,d; + 1].
To ease the notation, we use the symbol ¢! in place of e, ;
(ie., €) = eq, ;) to denote the SOC at arrival. Note that if
a; > 0, then e? # eg,;. The arrival SOC e is also considered
to be uncertain, with €f € [e}' — e2, el + ef] C [emin, emax],
el ,eiA > 0 being the midpoint and the half—width of the
uncertainty interval, respectively.
The power exchange p;, ; between any charging station and
its connected EV is limited by a maximum amount p;*** > 0

when the vehicle is present and is zero otherwise. Thus it must
hold

[ max de]

b y D5 ke [ai7 dz]
=0 k € [ai, dl]
for any EV i. Moreover, the overall power that the parking lot

can exchange with the grid is also limited by p™®* > 0, and
hence

(6a)
(6b)

Pk,i €
Pki

N
P <Y s <P (7)
i=1
Power limits are assumed to be symmetric, but all derivations
can be readily extended to asymmetric power upper and lower
bounds as, e.g., in V1G scenarios.

At any time-slot k, if an EV is charging its owner pays CZ+
per energy unit to the company, otherwise if the vehicle is
discharging the company pays ¢, > cZ* per energy unit to
the owner. The cost incurred by the company for vehicle i is
thus given by

veh

At = [rpral T — ey [rpwal T, (8)

and the overall cost for vehicles charging/discharging over the
entire horizon is

!

> ol ©)

0 ¢=1

£
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B. Vehicles Residual Energy

Depending on the considered application, one may want
to handle the residual SOC eg4,41,; of EV 4 at departure
differently. If we know that vehicle ¢ will return to the parking
lot the next day (like in the company parking lot considered
here), then part of the energy ey, 41, stored in EV ¢ will be
available the next day. To monetize such residual energy we
can consider a (negative) cost given by

N

SOC av,

¢ =—c gE €d;+1,is
i=1

where c®V€ is an average energy unit price over the considered
time horizon.

Another aspect that can be easily incorporated into the
framework is a minimum requirement on the SOC at departure,
which can be taken into account enforcing the constraint

(10)

Y

where ef € [ein eMaX] is EV ¢ desired SOC at departure,
which can be an absolute value, or it can be expressed as a
desired increase ~y; with respect to the SOC at arrival €, i.e.,
e =ed + ;.

[e]
edi+1,i 2 ei )

C. Day Ahead and Ancillary Services Markets

Since the company has to establish a baseline power ex-
change profile with the main grid and the offered capacity for
the ancillary services, it is convenient to express pg ; as

dam

Pk, pkl

asm

+ P > 12)



where pgaim is the portion of py ; purchased on the day-ahead
market, while pzszm is the portion of p;; used to dispatch
ancillary services.

At any time-slot k, buying an energy unit on the day-ahead
market costs ¢;" < c;T, while the grid pays ¢~ < c{*
for energy unit sold. The company buys energy whenever the
net power requested by all EVs is positive, and sells energy
otherwise. The cost incurred by the company for the day-ahead

market over the entire horizon is thus given by

T-1 N + N -
=[St (S| o
k=0 i=1 i=1

As for the ancillary services, since they are typically divided
into upward and downward services (see Remark 1) , it is

convenient to further express p3°" as
)

asm

PR = st wn] T — sy ] (14)

where sk‘ii > 0 and s,;i > 0 is the maximum power variation
offered by EV i in time-slot k& for the downward and upward
services respectively, while wy, € [—1,1] is the actual service
signal provided by the Transmission System Operator (TSO)
for time-slot k: w, = 1 if the TSO requests all the offered
downward power variation; wy = —1 if the TSO requests
all the offered upward power variation; wy = 0 if the TSO
does not request any variation with respect to the baseline
power profile; or any fractional value in case a fraction of the
offered flexibility is requested. The overall capacity offered by
the company for time-slot k is simply given by Zivzl s; ; for
upward variations and Zi\il S, for downward variations.

An energy unit bought on the ancillary service market costs
ot < ¢t while an energy unit sold pays ¢;~ € (c{ ,cp ).
The company buys energy on the ancillary service market
whenever wy > 0 and sells it when w; < 0. The total cost
incurred by the company for the ancillary service market over
the entire horizon is thus given by

T—1 N N
s s - -
M = E et E Ts;;i we]” — ¢ E TS lwe] - (15)
k=0  i=1 i=1

Clearly, the signal wy is not known at the time when the
company has to define the baseline profile and the offered
service capacity, as it refers to the next day, and therefore wy,
is also considered to be uncertain.

Finally, the ancillary service market may require to provide
upwards and downwards services for a certain number of
consecutive time slots 7% (e.g., for 2 hours in Italy). In
this cases we need to impose the additional constraints

N N
+ - — + T
Zs(rfl)Tasm,i == E :SrTasmei 7 € [1, ew s
=1 i=1
(16a)
N
E - — — § - T
S(T_l)Taﬁm,i = ... = ST’T“‘"—L’i re [1, m}
=1 =1

(16b)

Remark 1: Note that we here assumed the presence of a
single service market with costs ¢ and ¢}~ and service signal

wi. However, if multigle bidding markets are considered,
then different costs czj and sz_, different signals wj, and
different allotted capacities s}, and s, for each ancillary
service j could be easily introduced in theyproposed framework
without any conceptual leap. The same formulation applies
also to capacity services, where the aggregator offers a given
capacity and is remunerated independently on how much
of the total capacity is actually requested. In this case the
uncertain signal is either 0 or 1 with a distribution given by
the probability of acceptance. [ ]

D. Optimal Planning

We are now in a position to formulate the mathematical
program the company has to solve to optimally plan its
baseline profile and the amount of ancillary services offered
to the grid, which reads as

min (9) + (10) + (13) + (15) (Ps)
P%??"’SL’SEJ
subject to:  (7) Vk
(3),(6), (11) Vi
(16)
5;:,1" Spi =0 Vi, Vk

where pgim, s,ii, sppoforalli=1,... . Nandk=0,...,T—

1 are the decision variables, ey ; and eq, ; in (3), (10), and (11)
are given by (4), (9) can be computed using (8), and py, ; in (7),
(6), (4), and (8) is expressed as py; = p%i-m + 32_,1‘ [wk]Jr —
Sk [wk]™ combining (12) and (14).

Unfortunately, the cost and the constraints of P; depend
on the uncertain parameters a;, d;, e?, forall: =1,...,N
and wy for all kK = 0,...,7 — 1, which we will collectively
refer to as the uncertainty § taking values in a set A. This
renders problem Pj ill-posed as § is not known at the time a
solution to P; has to be computed. This issue is tackled in the
next section, where we show how to handle ¢ and compute an
uncertainty-aware solution to the optimal planning problem.

[1l. TAMING UNCERTAINTY

We propose to handle the uncertainty differently based on
whether it appears in the cost function or in the constraints and
based on the type of constraint. Since constraints (3) and (6)
represents physical limitations on EVs battery operations, we
propose a robust paradigm, enforcing those constraints for all
possible values of 6 € A. As for constraint (11), which is not
a hard constraint, we can either pursue a robust approach, or
impose the weaker requirement that

]E[edi-"-l,i] > E[B?], o))

forall e = 1,..., N, so that the employees are “on average”
satisfied with their SOC at departure. Finally, for the cost
function, we propose to minimize the expected cost.

To reduce the conservatism resulting from adopting a robust
paradigm, we also propose to parametrize component p%aim of
the power exchanged by EV ¢ during time-slot &k in the day-
ahead market as

dam

N
Pk,

= Pr,i — Vpi(e) — elt), (18)



where pi; is the baseline control policy for EV ¢ while
V..i(e?—et'), with 9 ; > 0, is introduced to adapt the optimal
control pohcy given the actual arrival SOC EV i will have
the next day. Given the uncertainty interval of e, we have
() — k) € [~e, cB).

Finally, the resulting (deterministic) optimal control prob-
lem reads as

min E[(9) + (10) + (13) + (15)] P)
subject to: (7 de A vk
(3),(6) 0 € A Vi
(D de A, or (17) Vi
(16)
sg,i,s,;i,ﬁk,i >0 Vi, Vk

where the decision variables are now py, ;, ¥4, s; i Sp 40 fOT
all ¢ = 1,...,N and £k = 0,...,7 — 1 and the cost and
constraints depends on those variables similarly to Ps given
that now py; = pr; — Uk,i(e) —et') + sk i [wk]Jr — Sk [wi] ™
owing to (18).

Next, we shall show how to compute the robust version of
the constraints and the expected values appearing in P.

A. Assumptions on Uncertainty

For the subsequent derivations, we make the following
assumptions.

Assumption I (Independence): The random variables e,
a;, d; foralli=1,...,N, and wy forall k=0,...,T —1,
are all independent from each other. [ |
This assumption ensures that most of the subsequent estimates
for the constraints in P are tight and eases the computation of
the expected values in the cost function. In case Assumption 1
is not satisfied, constraints estimates are still valid, but are not
tight anymore. Unfortunately, the expected values in the cost
function has to be recomputed.

Assumption 2 (Non-zero Stopover): Arrival and departure
time windows overlap is at most equal to a single time-slot,
ie., a; < di' | |
Assumption 2 ensures that we are certain that each EV stays
attached to its charging station for at least one (full) time-
slot. Relaxing this assumption requires a modification of the
approach. In those time-slots when the vehicle is possibly not
plugged, the company can still buy energy from the DAM but
it will not be guaranteed that that power will be absorbed. In
such a case the company will incur in an unbalancing cost as
it will absorb less quantity than the quantity expected. These
additional costs have to be properly minimized together with
the rest. This extension is left as a future improvement of the
proposed framework.

Assumption 3 (Minimum SOC at Arrival): We assume that
el —ef > emin /o "% to ensure that EV i does not arrive
with a crltlcally low SOC. ]
Note that when «; is close to 1, as is typically the case,

emin / aa‘ ~% in Assumption 3 is slightly above e meaning
that in practice, we are only requiring the Vehlcle to arrive
with a non-empty battery.

0
9

m

Assumption 4 (Distribution): The random variables e?, a;,
d; for all ¢ = 1,..., N, all have a uniform distribution over
their support. The random variable wy, forall k = 0,...,T—1,
is defined as follows: with probability 7™, wy, is drawn from
a uniform distribution over the interval [0, 1], with probability
7, wy 1s drawn from a uniform distribution over the interval
[—1,0], and with probability 7° = 1 — 7" — 7~ we have that
wg = 0. |
Assumption 4 is only required to compute the expected values
in P analytically. In the data-based solution strategy proposed
in Section III-E this assumption is not necessary.

B. Power Constraints

Let us consider the robust counterpart of constraint (6).
From (6b), pr; = 0 whenever k ¢ [a;,d;]. Since this has
to be true for every possible combination of a; € [a;,@;] and
d; € |d;,d;] we need to enforce py ; = 0 whenever k ¢ [a;, d,],
which is to say that in all those time-slots in which we are
not certain that EV ¢ is attached to the charging station, we
do not plan charge/discharge the vehicle. Instead, by (6a), for
any k € [a;,d;] we need to enforce —p"®* < pj,; < pex.
Clearly

Dk,i = Dk,i _§k7(6 - ¢ )+S}cz[wk]+ —S,;i [wk]_
< Pryi — Unale] —el) + 57,

<pkz+79k1€ +Sk17

where the first inequality is due to wy, € [—1, 1] together with
s:l, sp 4 lwg]™, and [wg]” all being non-negative, and the
second inequality is due to (&) — e!') € [—ef,e?] together

with 95, ; > 0. Note that, under Assumption 1, the bound is
tight. Similarly,

Pri — Ori(e) —el') + s, [we] T —
ki — 191@,1‘( —ef) = sy i

A —
> Dr,i — Uraep — 5,

71.

Pk, Sk [wr] ™

vV
S

The robust counterpart of constraint (6) is thus equivalent to

Pri + g el +8;” < pitex k€ [a;, d;], (19a)
Pri — Vrier — sp, = —pi™ k€ la,d]),  (19b)
Pri =0 k & [a;,d;], (19¢)

where the interval [a;, d;] is non-empty under Assumption 2,
meaning that we allow py ; # 0 for at least one time-slot.

Given the (tight) upper and lower bounds found for py ;,
we can also construct upper and lower bounds for Zf\il Dk
(which are also tight due to independence across vehicles) and
derive the robust counterpart of constraint (7) as

N
> P+ kel + s, < pm, (20a)
i 1
Zpk i = Oper — s = —p™. (20b)



C. State of Charge Constraints

Let us now consider constraint (3) with ey ; expressed as
in (5). We have the following result

Theorem 1: Under Assumptions 1, 2, and 3 the robust
counterpart of constraint (3) for EV 7 is given by

k—a; emax
R ai 21
a; e +{nf,né?1} Gr,i({meite) < @21
and
affgi el + hig > e (k) (22a)
k—1
hes < g (k) {mac o By @)
? K3 =a;
for each k € [a; + 1,d; + 1], with H; = [77;", 77%],
emin ke la; +1,d;]
(k) = § e
a;
k—1
Tpoi({nei}e) = ; Nti(Dri + 8¢;)
t=a;
B k—1
+ ozf_al -7 Z o] T 0| €5
t=a;
k—1
9y {neite) =7 a; T St.i)
t=a;
k—1
—lag T Z af T 0| e
t=a;
and hy,; being auxiliary continuous decision variables. ]

While constraint (22) is convex, constraint (21) is non-
convex and can be either dealt with a dedicated solver, or ap-
proximated. Moreover, even though (22) is convex, the number
of inequalities required to define it grows exponentially with &.
We next discuss an interesting case in which constraints (22)
and (21) can be greatly simplified.

Let us consider the case in which the compensator param-
eters Uy, ; satisfy the following linear constraint

d,
=3 af T <af e 23)
! t=a;
then we have the following result.
Proposition 1: Under Assumptions 1, 2, and 3, if we

enforce the additional constraint (23), then constraints (21)
and (22) can be equivalently enforced as

k—1
af el + e )+ T Z ak 1= "hes < e (24a)
t=a;
B >0 (i + si; — Deiel) — PP (L—by;)  (24b)
heq > n%(ﬁm + 57, — Dy e8) — pmax bt,i (24¢)

and
af i(el! )+ T Z af=1= “thy > e (k) (25a)
t=a;
hy i <0 (Pri — Seit Vtiel) t € [a;,d;] (25b)
hyy < SPri—sp;+Orier)  tEan,d] (250

i

for each k € [a; + 1,d; + 1], with (k) defined as in The-
orem 1, Et,i and ﬁt,i additional continuous decision variables,
and b, ; € {0,1} additional binary decision variables. |

Remark 2: Constraint in (23) has the following intuitive
explanation. For the sake of simplicity let us assume «; =

n = n; = 1. Then, (23) becomes th Ui <1
implying
T Z Vpi(ed —el)]| < |e? — el
t=a;
for any €Y. This means that the amount of energy provided to

EV i over the time frame [a;, d;] to compensate the uncertainty

in €? cannot exceed |e? —e!'|. But this is not limiting at all as it
would not make sense to compensate for more than |e) — e|.
|

Even though the result given by Proposition 1 greatly
simplifies imposing the robust counterpart of constraint (3),
constraint (24) requires us to solve a Mixed-Integer program,
whose complexity grows exponentially with the number of
binary decision variables. For those cases in which comput-
ing resources are limited, we propose the following convex
approximation of (24).

Corollary 1: Constraint (24) can be approximated as

k—1
A 2 k—1—t
) ) +7 ai

t=a;

X nj(ﬁt,i + SZZ

k—a; L
a; (el + e

—pe8) < e (26)

|

If one is interested in enforcing the robust counterpart of

constraint (11), then, if the desired SOC at departure e; is

given in absolute terms, this would simply entail changing the
definition of e (k) in (22a) or (25a) to

min

€

emin (k) =

?

k€ la; +1,d;]
Cok=di+1

di—d;
@

27)

Otherwise, if the desired SOC at departure is given as e; =
e + v;, we have the following robust counterpart of (11),
which holds irrespectively of whether (23) is enforced or not.

Proposition 2: Under Assumptions 1, and 2 the robust
counterpart of constraint (11) for EV i when e = e¥ + ;
is given by

di _
(af’i‘%“ - 1) (e +e®)+r > ali~th,, > (28)

t=a;
te [Ei,di]

(28b)
(28¢)

19t16 )
19“6 )




where 7, ; are additional continuous decision variables. ~ H

Finally, note that the alternative constraint (17) need not
to be robustified, as it is already deterministic. Since the term
Eleq,;+1,:] on the left hand side of (17) also appears in the cost
function, its exact computation is deferred to the next section.
As for the right hand side of (11), E[e?] is either equal to €3,
if e? is given in absolute terms, or is equal to E[e?] + v; 1f
the desired SOC is given as ef = e? + ;.

D. Cost Function

Lastly, we focus on the cost function of P. Since it is
composed by four terms and, by linearity of the expected value
operator it holds

E[(9)+(10)+(13)+(15)] = E[O)]+E[(10)]+E[(13)] +E[(15)],

we can focus on each term separately. In the following, we
will compute all expected values under Assumption 4 and we
will make use of the following result.

Lemma 1: Let J(z,d) be a convex function of z for any
value of an uncertain parameter § € A with probability
measure Ps. Then

J(z) = BlJ(z,6)] = /A J(z,6) dPs

is a convex function of x. [ |

1) Vehicles Charging/Discharging: Let us start by observing
that, since CZ+ < o, c%elh in (8) can equivalently be
expressed as c‘,gclh = max{—c}, Tpm, —c}” Tpk,i}, which is a
convex function of the decision variables, since py, ; is linear in
the decision variables, for any fixed value of the uncertainty
parameters e? and wg. By (9), also c¥*h is convex and, as
a consequence of Lemma 1, E[c"?] will also be a convex
function of the decision variables. By linearity of expectation,

from (9) and (8), we have

T—

H

N
veh E veh
E Ck i ,

k=0 i=1

and we can thus focus on the computation of E[c}F].

Clearly, c "Ch is a function of pj; which, in turn, is a
function of the uncertain quantities wy and €?. By definition
of expectation

E[c{7] = / / P dP odP,,
wr€[—1,1] lef —eA e”-‘re ] ‘
_ / / el dP o dP,,
wi€(0,1] Jel€el —ed et +e]
h
+ / / CZCl dPe? d]P)wk
wr=0 e?G[ei‘feiA,e‘;JreiA]

+ / / it dPodP,,,
wi €[—1,0) Elel —ed et teb] ‘

where in the second equality we split the integral over the wy
domain [—1, 1] in the three intervals [—1,0), [0, 0], and (0, 1],
to deal with the distinct probability measure in each case (cf.
Assumption 4). Using Mathematica [22], we can analytically

compute the three integrals and, from the result’, we can also
see how each term is a piece-wise convex function defined
over a polyhedral partition of the py;, Vg, SZZ, and sk i
domain. Following a reasoning similar to the one in [24], we
can construct a piece-wise affine upper bound of each term
and then recombine them together. The resulting expression is
reported in (29). Note that the upper bound is tight because it
ensures, by construction, that equality holds at any two region
border of the polyhedral partition.

2) Vehicles Residual Energy: Taking the expectation of (10)
and using the linearity property of expectation we obtain

N N
E[CSOC] —E lCan Z €d1+1,i‘| = —c*8 Z E[edri-l,i]v
i=1 i=1

and we only need to compute E[eg, 11 ], whose expression is
given in the following proposition and can also be used for
the constraint in (17).

Proposition 3: Under Assumptions 1 and 2 we have

Eleq,+1] = af " T E[¢]]

d;
+ 7 g af"'_t

t=a,

E[min {U;rpt,i, n%pt,i}}

where a; = —log,,, Ela; *] and d; = log,,. E[ad]. |

Note that min{n; p;;, -=p;.;} is a concave function of the
optimization variables (a§ D¢ ,; 1s linear in the decision variables
for any fixed value of e? and w;) and thus, owing to Lemma 1,
also E[min{n; p: s, n%p“}] is concave. Since 7, o; > 0, also
Eled;+1,4] 18 concave, implying that constraint (17) is convex
and, since we have a minus sign inside the expression of ¢%°¢,
than also E[¢°¢] is convex in the decision variables. Moreover,

E{min {U;rpt,i, n%pt,i” =-E {max {—U;rpt,i, —n%pt,iH,
which is similar to E[c‘,;ezh] except that there is no 7, ¢ " and
¢, are replaced by 771 and -, and py; by p; ;. Therefore,
under the additional Assumptlon 4, we can compute the
right hand side of the previous relation using (29) with said
substitutions.

3) Day-Ahead Market: First, let us notice that since 7 > 0
and ¢ > ¢{~, (13) can be equivalently expressed as

T—1
_ et d d
—TE max < ¢y, E Pii s Cl Zp am
k=0

which is a convex function of the decision variable for any
fixed value of the uncertainty, as an effect of py, ; being linear
in the decision variables for any fixed value of the uncertainty.
Owing to Lemma 1, we know that also E[c?*™] is convex in
the decision variables. Unfortunately, even though E[c?2™] is
convex, computing its analytic expression under Assumption 4
is too involved and is left as a future research effort.

’In the interest of space, we do not report here the resulting expression,
but the Mathematica notebook used is available in [23].



E[cveh]<‘r S max{ 2c)C Dh.is —QCk Dk,i» (czf—ckJr)ﬂk,e —(ck +ck )pk,}—&-‘r

=3¢y sk i (c

—(ck++5ck )Pk,i— (ck++20k )s,CZ 3(cp” —ck+)19;”e —3(c,'é++ck )Pk,i— (c,CJr—‘,-Zc,C )s,t}—i—r
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max {—GcZerk 1—302+stl —6¢;, Pr,i

—(‘k+)19k iej —(5rz++ck )Pk, 1—3(',C sk7 (cp~ —cp )y, ZPA

(29)

max {30,C sk

—6(,k Pk,i> 3¢, Sk~ 6¢c,” Pr.is (ck —cp 7 )0k i€} _3(°k++°k )Pk, i+3c;” Sk i (cp™—cp )19k ie; —(ck++5ck )Pk,
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In this work, we propose to upper bound it as follows.
Taking the expectation on both sides of the previous expression
and using the linearity property yields

T-1

E[ctm] = 7 Z E | max {ck+ Zpga;“, ¢ Zpdam}l
k=0
T-1 N

<rT Z Z E [max {cz+p‘,§inl, cz_pdam}]

k=0 i=1

where the inequality is due to the monotonicity property
of expectation and we recall that pdam is defined in (18).
Similarly to Section III-D.1, we can compute the expected
value of the (k, ¢)-th term exactly using Mathematica [22] and
then upper bound it with a piece-wise affine function, yielding

c;'f)ﬂkyief }

4) Ancillary Services Market: Taking the expectation of (15)
and using the linearity property of expectation yields

T—1
+ TS OJ —C TS, w
ki k k ki k

kO =1
N
+ +
—E ETS,“IE wk —ck ETs,“ [wi] ],
=1

and we thus only need to compute E[[wy,] "] and E[[wy]]. By
definition of expectation,

e~ dam

e+ dam
E[max{ck pkz ) Cp, pkz }
(et +es )Pryit(cg —
2

< max { e s 6 Bras

E[¢*™] =

Efjw] ] = Efmax{wg, 0}] = / el 0} B,

:/ wkdpwkz/ wi dwy = §
wi€(0,1] wr€(0,1]

and, with similar derivations, E[[w;] "] = &. Thus the ancillary
services part of the expected cost is given by

N N
asm =1 Z ( s+ 27'32_’1. — CZ_ ZTS;,i> (30)
i=1 i=1

and is linear in sk and s, ,.

E. Data-based Solution

Suppose now that the (possibly joint) probability measure
of a;, d;, e , and wy, is unknown, and thus Assumption 4 is
not necessanly satisfied. If we have access to historical data
we can approximate the expression of the cost function of P
using those data. While computing the expected values for

discrete random variables like a; and d; is easy, computing
expectations with respect to € and wy, is not. However, owing
to the independence granted by Assumption 1, we can turn e
and wy, into discrete random variables by gridding. This way,
we can approximate the expectation of any function (&, e?)

as

Ecol(€, ¢)] ZP{e e I }p(8, &),

where IJ is the j-th bin of the interval [e’ e, el + € ],
&l is the center of 77, and P{e? € T/} is estimated from the
avallable data. Clearly, such approximation preserves convex-
ity, thus the resulting data-based problem still has a convex
cost function.

V. NUMERICAL EXAMPLE

We consider the case of a company parking lot composed
of N = 100 slots, each assigned to a single user indexed with
1. The 24 hours time horizon is discretized into T' = 96 time
slots of 7 = 15 minutes each. Vehicle 7 arrives uniformly at
random between 6:00 AM and 7:45 AM and leaves uniformly
at random between 4:00 PM and 8:00 PM. For each vehicle
i, we set 77 =, =097, p"** = —pﬁ“in =22 kW, e ¢
[40, 70] kWh, ei® = 0 kWh, ¢ € [0.1, 0.5]e** kWh
is extracted according to a uniform distribution, and e} =
0.7e"®*. The maximum power that can be exchanged with
the grid is set to p™® = —p™i" = 600 kW. The energy prices
are shown in Figure 1. As for the ancillary service market, we
set the acceptance probabilities to 7'(']-: =03 and 7, = 0.1
based on real Italian market data (see [25]), and we set a time
constraint of 2 hours (i.e., 7*™ = 8 time slots) in (16).

A. Analytic Solution

We solve problem P with the expected value of the
recharge cost term (8) expressed analytically as in (29), and
the expected values of (13) and (15) expressed analytically
as described in Sections III-D.3 and III-D.4, respectively.
Maxima appearing in analytic expressions are dealt with by
means of epigraphic reformulation so as to make the overall
problem linear. The robust counterpart of (6) and (7) are
imposed using (19) and (20), respectively. After imposing
the additional constraint (23), we use (25) and (26), from
Corollary 1 and Proposition 1 respectively, to approximate
the robust counterpart of (3). Similarly, we use (25) with the
modification in (27) to impose the robust counterpart of (11).
We do not impose constraint (17) and we ignore term (10) in
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Fig. 1.  Day-ahead market, ancillary service market, and vehicle
charging/discharging prices.

the cost function. The resulting optimization problem

min E[(9) + (13) 4 (15)] 3D
PryisDh,isSH 4555 5
subject to: (20) Yk
(19), (26) Vi
(25) with ™" (k) as in (27) Vi
(16)
szi,s;’i,ﬁm >0 Vi, Vk

is modeled via YALMIP [26] in MATLAB 2021a and solved
using CPLEX [27] on a laptop with i5-9400H processor and
32GB of RAM. The computation time is less than 4 seconds.

In Figure 2 the resulting power profile at the point of
connection with the main grid is shown. The optimal strategy
consists in offering two downward services at 8:00 AM and
at 10:00 AM, essentially to buy a non deterministic amount
of energy at a discounted price (cf. Figure 1 where ci* <
ci1). The market bids are all concentrated between 8:00 AM
and 4:00 PM because in those time intervals the vehicles
availability is guaranteed.

Figure 3 shows the results of 1000 different scenarios
(extracted according to the distributions described at the begin-
ning of this section) for the behavior of vehicle 1, where each
scenario is obtained by sampling the uncertain variables. In
the top plot the profile of the power bought on the energy and
ancillary services markets is shown. The vehicle contributes
to the aggregate downward service with the red profile. The
second plot from above shows 1000 profiles of the percentage
state of charge of the vehicle (different colors) along with their
worst cases (dashed lines) and state of charge constraints (ma-
genta). It can be noted that different profiles may have different
lengths: this is due to the fact that besides the SOC at arrival,
also arrival and departure times are random. Note also that the
largest portion of realizations is close to the minimum value
because the probability of having high requests of downward
services is low. This plot highlights the conservativity of the
robust solutions that is limited by worst-case realizations even
if they are very unlikely. Possible countermeasures to reduce
conservativism are briefly discussed in the conclusions. The
third plot shows the value of the compensator parameter along
the considered time horizon: as can be noted by comparing
it with the second plot, a non-zero value of the compensator
reduces the span of possible values for the vehicle’s energy. On
the contrary, offering a service increases the span of possible
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Fig. 2. Power exchange profile with the main grid. Analytical solution.
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Fig. 3. Simulation results for a vehicle (capacity e}*®* = 59 kWh) with
1000 uncertainty realizations. Top to bottom: 1) market bids, 2) SOC
percentage profiles, 3) compensator action, 4) final SOC percentage
histogram. Top three plots share the same x-axis.

N
S
T

I

Power [kW]

o =5

T

+

—]
—
—]
—
—

I

100

50

SOC [%]

Compensator
o
o
T
|

L L
06:00 12:00 18:00 00:00

Time [hh:mm]
150 T

Realizations

0 P, B, .
70 75 80 85 90 95 100
Final SOC [%]

Fig. 4. Simulation results for another vehicle (capacity ef*** = 51
kWh) with 1000 uncertainty realizations. Top to bottom: 1) market
bids, 2) SOC percentage profiles, 3) compensator action, 4) final SOC
percentage histogram. Top three plots share the same x-axis.

values for the vehicle’s energy because the energy exchanged
with the grid is uncertain. In fact, on the one hand the optimal



solution aims at maximizing downward services so as to buy
more energy at a cheaper price, but this leads to an increase
in the span of possible values for the vehicle’s energy content,
which has to be counteracted using the compensator action,
which reduces the span of possible values for the vehicle’s
energy so as it can fit into the gap between the minimum and
maximum energy constraints before departure. Without such
compensating action, the problem might even be unfeasible if
the energy span at arrival is bigger than the allowed energy gap
before departure. Finally, the last plot shows the distribution
of the SOC percentage at the time of departure: in all cases
the energy is contained in the limits (red and black vertical
lines), as enforced by the robust paradigm.

Figure 4 shows the results for a different car: as can
be noted, these are very similar to the ones in Figure 3,
as the car is charged with a downward bid saturating the
maximum power in some time intervals. The compensator
term is necessary also for this second car to ensure feasibility:
the span of possible energy realizations is indeed reduced from
an initial SOC variability of 40% (from 10% to 50% at 7:00
AM) to a final SOC variability of 30% (from 70% to 100%
at 5:00 PM), cf. second panel of Figure 4.

B. Data-based Solution

In order to test the efficacy of the data-based solution ex-
plained in Section III-E, we also solve the sampled counterpart
of (31). The expected value in the cost function are approxi-
mated gridding each €? and wy, into 5 bins and estimating their
probability extracting 1000 realization of the uncertain param-
eters, drawn from the same uniform distributions described at
the beginning of Section IV, so as to produce comparable
results with the analytical solution presented before.

Figure 5 shows the result obtained for the power exchange
profile with the grid. As can be noted, the power absorption
profile is very similar to the analytical one shown in Figure 2
and the corresponding optimal costs differ by 4% only. The ap-
proximation quality of the data-based solution clearly depends
on the number of samples: the higher the number of samples,
the better the accuracy, but the higher the computation cost.
In general, the data-based solution should be used in those
cases when the distribution of the uncertainty is not known
and only samples are available, or when the distribution is
known but the analytical formulation of the expected value is
too complicated to derive. If the support of the distributions
is known, the data-based formulation only affects the cost
function, and not the robust formulation of the constraints. In
Figure 6 we report the solution for one vehicle, which shows
that constraints on power and energy are satisfied. Please note
that the 1000 uncertainty realizations in Figure 6 are different
from those used to estimate the bin probabilities.

V. CONCLUSION

In this paper we proposed a framework for optimizing
the operation of a fleet of electric vehicles while providing
ancillary services to the electric grid. We discussed different
types of constraint and cost functions to make the approach
versatile and suitable for different contexts. We considered
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Fig. 5. Power exchange profile with the main grid. Data-based solution.
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different sources of uncertainties and provided either a robust
formulation for the constraints or an explicit formulation
for expectations of the different terms composing the cost
function. We derived very tight approximations, if not exact
formulations, of each constraint and cost terms even in pres-
ence of a piece-wise linear model of the vehicles battery. In
future works we will further enrich the framework allowing
for imbalances in the power bought from the energy market
through a disturbance feedback-like scheme: this will allow to
reduce the conservativism of the robust approach, to guarantee
a more flexible and profitable operation of the fleet, and to
consider scenarios other than the company parking lot. We
will also investigate the extension of the approach to the
aggregation of domestic users, each equipped with a battery,
and an uncertain photovoltaic generation and load.

APPENDIX |
PROOF OF THEOREM 1

Given that, by (19¢), px; = 0 for all k ¢ [a;, d;] (which is

non-empty under Assumption 2) and recalling that e, ; = €?,



the SOC ey ; in (5) can be equivalently expressed as

min{k—1,d,}
k—a; k—1— s
eri=ay “e) +r Z af ™ min {ﬂfpt,i, n%pm-}
t=a; ‘
akimaied k € [a;, a;)
ke€la; +1,d;, +1]

keld+2,d+1]

(32)

= q €
k_(d{,""l)
Q; €d,+1,i

with

k—1
-~ k—a; 0 k—1—t . + 1
Eri=o; "l +T E o; min {Th‘ Dt is n—,pm}
k3

t=a;

since k —1 < d, for all k € [a; +1,d, + 1]. We now consider
the three cases in (32) separately.

A. Casek € [a;, 3]
By (32), if k € [a;,a;], then

_ k—a; 0O 0 max
ek = Q e, <e <e

where the first inequality is due to «; € (0, 1] and k > a; and

the second inequality is due to e) € [eM" eaX]. Similarly,

_ _k—a; O a;—a; 0 ai—a; A min
i =0 leg 2 af e >apt V(e —ep) = e,

where the first inequality is due to «; € (0,1] and k < @;, the
second inequality is due to a; > a; and € > e/ — €2, and
the last inequality is due to Assumption 3.

For k € [a;,@;], constraint (3) is thus automatically satisfied
for all possible values of the uncertain parameters without
imposing any constraint.

B. Casek e [3+1,d, + 1]

Let us first focus on the upper bound in (3). Since we want
eri < € for all possible values of a;, e?, and w;, with
t=a,,...,k—1,it is sufficient to enforce that

max

max
I epi < e .
ai,€; g{wt}t

> €
To this end, we shall derive the left hand side as a function of
the decision variables. To start, we notice that, for any fixed
Pt,is

: — i + 1
7£gﬁﬁﬂkr—mm{m1%mem} (33)

where H; is the continuous interval [n;", n%] Indeed the left

hand side is a linear program and its optimal solution is
obtained setting 7;; = n or n; = n% Then, if k €
[@; + 1,d; + 1], by (32) and (33),

k_ . —1— .
max ey ; = max {ai a’e?} + 7 af U ming gy pe
@i @i ne,i €H;

min . 7 Pti,

k—1
= af_‘“e? +T E af‘l_t
— nt,i€H;
t=a; '

where the first equality is due to a; appearing only in the
term outside the summation and the second equality is due to
e? >0, a; € (0,1], and a; < @;. Then,

k—1
maxey,; =af el + 7Y oF T min nips
a; — ne,i €H;
t=a;
k—1
= ozf_‘“e? + min T Oéf_l_tﬂt,i Dt.i
{ne,i€Hi}t —
t:ai
k—1
_ . k—a; 0 k—1—t
= min o e +T Qy Nt,i Pty (>
{n¢,i€H; }+ t—a
=a;

(34)

where in the second equality we brought the minimum over
7,; for each ¢ outside the summation using the fact that 7 and
«; are both positive and the minima are independent across ¢
under Assumption 1, and in the third equality we brought the
e? term inside the minimum since it does not depend on any
Nt,s. If we now expand p; ; as

Pti = Dri + Vief + S:z' [we] ™ — Spilwe] ™ —dy €],  (35)

qt,i(wt)

we get

k-1
maxey,; = min ozf_a" -7 g af_l_tntyiﬁm 6?
a; {n¢,i€H; }e

t=a;

Trineite)

k-1
+7 Z af T s g i(wy) }

t=a;

I wede {neite)
—0
Frilmeite)ed + fii({wede, {meite)
7k,i(6?7{wt}t,{m,i}t)

= min
{n¢,i€H; }+

(36)
and consequently

max

I €k,i =
aq,e; 7{wt}t

max maxeg;

ed {wi}e @i ’
1 F 0

= max min [ (€], {wi te, {nei e

e {wite {nei€Hi} k’z( “{ } 7{ 7‘} )

— mi Foo(e0 ,
= 0 5, T b )
(37

where the second equality is due to (34) with (36), and the last
equality is due to Sion’s minimax theorem, [28], which holds
since €, {w;}s, and {m;;}; all lies in convex compact sets,
and for any fixed ¢ and {w;}¢ the function f; ;(e?, {we}e, )
is linear and for any fixed {7, }+ the function f, ;(-, -, {m¢i}¢)
is continuous and quasi-concave, as a consequence of being
linear in €? and g ;(w:), with ¢ ;(w;) monotonically non-
decreasing in w;. Then,
max

(0o Fraled Awee, {nei}e) =

max f ; ({ne.i}e)ed + ma 2, (ferke (k) (39)



and we can focus on the two maxima separately. As for the
first term,

max Ty ({nn.i})e?
= Trallmidoel + max sz({nm} )(ef —ef)
= fk,i({nt,i}t)ei + |fk,i({77t,i}t)‘ei )

where the first equality we added and subtracted the term in
el and the second equality is due to (e? — ef') € [—e2, ef].

As for the second term, since by Assumption 1 all w; are
independent, and since 7, o;, 7 ; > 0, then

(39)

maX fk s{wete, {ne,i}

k—
Z - tﬁm‘ max gz ; (we)
{we t—a, wi

00 (i + Vel + S:rz), (40)

where the latter equality holds by (35) together with the fact
that w, € [—1,1] and both szrz and s;; are non-negative.
Usmg (39) and (40) in (38) and recalhng the definition of

fk z({m,z} ), we obtain

rr%ax} f;”( Z,{wt}ta{ﬁt ite) =

k-1
_a, —0 1 _
af "Ml + [ Fr i ({neido)led + 7 Z o (P + 51),

t=a;

which can be used in (37) to get

k— -0 A
max €r; = «Q; + min . i €;
ae x| ki =0 o {|fk,z({77t, o)l
t=a;

The robust counterpart of the upper bound in (3) in case k €
[@; + 1,d; + 1] can be obtained requiring the right hand side
of the previous relation to be no-greater than e;"**, which is
exactly (21).

As for the lower bound in (3) Since we want ey ; > e;
for all possible values of a;, e , and wy, with ¢ = a;, Jk—1,
it is sufficient to enforce that

min

min
€k = € -

min
am{m}me?

Similarly to the upper limit above, we shall express the left
hand side as a function of the decision variables. Using
equivalence (33), we have

k—1

mlnekz—mm{ k—aig } Ti a

t=a;

k—1
_ k—a; 0 k—1
=q e, +71 g Q;
t=a;

where the first equality is due to a; appearing only in the
term outside the summation and the second equality is due

mln Tt,i Pt.i
Nt i €H;

min 7 ; P,
7]f1€H7

to € > 0, a; € (0,1], and a; > a;. Then, similarly to (34)

and (36),
k—1
. k—a; k—1—t
mineg; = o, e? + 7 g Qa; min MNt,i Pt
a; —~ ne,i€H;
t:ai
k—a — —t
=q le + min E Q Nt,i Pti
{ne,:€H; }r s
k—1
. k—a, k—1—t
= min Q; le? —+ T g Q; Nt,i Pt.i
{ne,i€Hi}e —
t—ai
— 0 w
= min f, ({77“} Jei + fioi({wetes {neite)s
{n¢,i€H; }

£ €@ dwibe{neite)
41

where in the second equality we brought the minimum over
n¢,; for each t outside the summation using the fact that 7
and «a; are both positive and the minima are independent
across t, in the third equality we brought the e term inside
the minimum since it does not depend on any 7, ;, and in
the last equality we used (35) together with the definition of

fei{wite, {me,i}e) and iz’i“m:i}t)’ the latter being identical
to ?2,1({777:,1‘}7:) except for af_g"' in place of o~ . Then,

min

min min €k.i
aiye?,{wt}t

0 Awr}e @i

= min min
0 Awite {ne,i€H; }t

= mln mln
(nei€H}e eb,{wf} =

€k =

( €, {Wt}t; {77t 1}t)

(6z Awt e {nt itt),
(42)

where the second equality is due to (41) and in the second
equality we swapped the two minima. Similarly to the upper
limit case,

n{un} f ( ?7{wt}t7{7]t,i}t) =
m})nikﬁi({m,i}t)e? + {ILH? fei{wete, {neate)  (43)

and we can focus on the two minima separately. As for the
first term,

H;%H[Z,i({nt,i}t)eg
= f% k) madoe = et
= 12,1-({7%,2-}06? - |i2,i({77t,i}t)|eiA7

where the first equality we added and subtracted the term in
el and the second equality is due to (e — ef') € [—e2, e?]

’L R A

As for the second term, since by Assumption 1 all w; are
independent, and since 7, o;, ;. ; > 0, then

et + min f

(44)

k-1
min fi;({wibe, {neite) =7 Y ol g mingy i (wr)
fwi}e i—a, wt
k—1
=7 o (B + Vel — sp,),  (45)
t=a;



where the latter equality holds by (35) together with the fact

that w; € [—1,1] and both 575 and s, are non-negative.

Usmg (44) and (45) in (43) and recalhng the definition of
L i({nm} ), we obtain

Omln f (61 ) {wt}t’ {nt 1} ) =
€; ,{wt t
A k—1
a; “ef — |i2,i({77t,i}t)|eiA +7 Z & (P — s10)s
t=a;

which can be used in (42) to get

min
ai,e?,{w}t

*‘e + min
{n:,i€H;i}e

—l—TZa

t=a;

k—a
€ki = Q;

{_|f27i({nt,i}t)|eiA

The robust counterpart of the lower bound in (3) in case k €
[@; + 1,d; + 1] can be obtained requiring the right hand side
of the previous relation to be no-smaller than e, Since the
argument of the minimization over {n,; € H;}; is concave,
the minimum is achieved at {n,; € {n;", n%}}t and therefore

ntz

the desired robust constraint can be expressed as in (22) by
means of an epigraphic reformulation.

C. Casek € [d; + 2,d; + 1]

If d; = d;, the interval [d; + 2,d; + 1] is empty and we
can safely neglect this case, so let us consider d; > d, + 1.
Similarly to the first case, by (32), if k € [d; + 2, d; + 1], then

k—(d;+1)

max
ki = Q €d.+1,i < ed 11, <€

where the first inequality is due to «; € (0,1] and k > d, + 1
and the second inequality is due to (21). As for the minimum
SOC constraint,

k—(d;+1
o=@+

37_47
€k = €d,+1,i = O €d,+1,is

where the inequality is due to «; € (0,1] and k < d;+1. Since
the right hand side of the previous relation is not guaranteed
to be greater than e, we need to tweak the right hand side
of (22a) when k£ = d; 4+ 1 to make sure

omin
. i
€d,+1,i > q;—d;

i—d
ab

This last consideration concludes the proof. [ |

APPENDIX Il
PROOF OF PROPOSITION 1

Let us start by noticing that, for all k € [a; + 1,d; + 1],

k—1 k—1
k—1—t k—1—tgq
tha Mt < 5 ; o) Wi, (46)
since 7,c;; > 0, ¥;; > 0 for all ¢, and 7;; < —— for all

nei € H;. Moreover, for any k € [a;,d,],

k k-1 _

_ k+1—a, 11— k—a.
= E ozf Wi <ap T = L E ozf Y, <af
M; ni i—a

—a;

t=a;

since
k—1 k—1
T E—1—t 1 T k—t
— Q; B = =— = ol
n; i [ @i n; i [
t=a; t=a;
Pl
1 T k—t
goTzn* a; ﬁtz"‘ﬁkz
i
t=a;

t=a;
1 1;:—&-1—111

< o %

= akigi

where the first equality is obtained multiplying and dividing by
o, the first inequality is due to ain%ﬁ,j” > (, in the second
equality we included 9 ; inside the summation, the second
inequality is due to the left hand side of the implication above,
and the last equality is trivial. Iterating the above implication
we have that

d;
T d d.—a.+1
g ot Y g
n; t,e > Gy
t=a;
k—1
= =Y b, <al T
;
t=a;
k—1
= 7Y a0 <ol Y (47a)
t=a,;
k—
k—1 k—a;
= T a; U 179751 S a; ) (47b)
t=a;

for all k € [@; + 1,d; + 1] and all n,; € {n;", n%}, where the
second implication is due to (46) and the latterlimplication is

due to af_gi < aF™™ as a consequence of a; € (0,1] and
a; < a;.
Under Assumptions 1-3, Theorem 1 holds. Moreover,

by (47a) and (47b), the argument of the absolute values in the
expressions of g, .({n:;}+) and g, ;({ne;}+) respectively are
always non-negative. We can thus remove the absolute values
and simplify the expressions to

Gri() = R Z (P +s,— Opie2)
t=a,
gk,i(.) == i 716 +TZO( ntz ptz 8;Z+19“61A)
t=a;

Recalling that (22) is equivalent to

k—
o *Ze + min

i (48)
{nt k3 EH }

g, ({mi}e) = eP™ (k)

and substituting the simplified expressions for g, ;({n:.}+)



and 9, i({”m‘}t) in (21) and (48) respectively, we have

af Tl 4 min ali~Tieh

{n¢,i€H; }+
9, A < pmax
+ 7 a ﬁtzptz‘l‘sm ti€i) ¢ <€
t=a;
k— k—a.

Q; *’e + min —qQ *161»A

{ne,i€Hi}s

+7'Za

t=a,;

77t i pt i S;i + ﬂt,ieiA)} > egnin(k)v

which can be further simpliﬁed to

—l—TZa N

t=a;

X min 7)“(}7“—5—3
ne,i €H; te

)+ T i afflft

t=a;

X min n; (P
e, €H;

L

A max
—Jiei) <€

— 81+ Ve ) e (k),
since the minima over 7, ; are independent across different ¢’s.
For both cases, note that the minimum over each n;; € H;
is achieved either at 7, ; = nj or n% The bound involving
eMin (k) is equivalent to its epigraphic reformulation in (25a),
while handling the bound involving e;*®* requires further
efforts.

Since «; and 7 are both positive, we can rewrite the bound
involving e;"** as

k—1
—l—TZCYk 1— tht <€max

t=a;

0t,i(De,i + S;fi

e

hei > min - ﬁt,ieiA)

+
Ut,ie{m Y0 }

i

{771 (ptz“l’stl

0y 65
ﬁt,ieiA)

f’t,z’+5“ 9y e >0

otherwise

(ptz'l_stl

where the first constraint is already (24a). The constraint on
Et,i can instead be interpreted as two alternative constraints,
with the sign of p;; + st7z Uy Ze determining which one
is active. Following the procedure described in [29], the in-
equality constraint involving Et’i can be equivalently enforced
using linear inequalities by introducing the additional binary
variable b, ; € {0, 1} representing which of the two constraints
is enforced. If we choose b;; = 1 to represent the positive
case, the constraint on h; ; can be imposed using the following
linear inequalities

—Jpier) —
—Jpe))

M(1—0b;)
— Mb,;

(49a)
(49b)

hei >0 (Pei + Szrl
hei > n%(ﬁt,i + S;rl
where M is a large constant which renders (49b) ineffective

when b, ; = 1 and renders (49a) ineffectivg when b, ;, =
0. Since imposing (24a) implicitly requires h; ;, the solver

will automatically set b;; to enforce the loosest constraints
between (49a) and (49b). When b, ; = 1, (49) simplifies to

—yiep)
— ﬁtvieiA) — M

(50a)
(50b)

hei > (B + s
hei > %(ﬁt,i + Szi

and to make (50b) ineffective it is sufficient to impose

nj(ﬁt,i + St i 1925 ’Le ) (pt [ + St i 19t7ieiA) - Ma
which is equivalent to
M > ( — =) (D + s — Vrael).

It is easy to see that M = (n% — 0" )pna* satisfies this

i

requirement since

191‘16 <Pm+5“+19m€

< pIIIaX

Dt + St i

where the first inequality is due to ¥; ;e > 0, and the second
inequality is due to (19a). A similar reasoning shows that the
same value of M is valid also the case b;; = 0. Since, in
all practical cases, —, 7]1 < 1, we can set M = p;"?*
in (49a) and (49b) to obtain (24b) and (24c), respectively,
thus concluding the proof. [ ]

APPENDIX IlI
PROOF OF COROLLARY 1

Since (24) is equivalent to

k—1
+T§ :ak 1— thtz<emax

t=a,;

p— ] D. +
hyi = min - 7i(Pri + 57, —
ﬁt,iE{nj’n—}

i

R

0y ie)

< (Pri + 5;‘ — Uy el)

the result trivially follows. [ ]

APPENDIX IV
PROOF OF PROPOSITION 2

Under Assumption 2, from (32) and (33) we can compute
d;

éifai‘l’l 0 417
€d;+1,i = & & +7 E @;

min 7 ;pt
— cH; 7
t=a;

t,i
di—d; 0
and eg,1,; = €d,+1,i- To ensure eq,+1,; > e; + y; for
all possible values of the uncertain parameters, it is therefore
sufficient to require that
0
€ } 2 Vi

Since the minimum over d; € [d,, d;] is achieved at d; = d;
due to eg +1; > 0 and o; € (0,1] and eg 41, and €} being
independent from d;, the left hand side of the previous relation
is equal to

min

{adi_die
; d 41,4 —
ai,di,e?,{wt}t ! -

: Ei*dz‘ 0
min «, eii_,_l,i — € (-

a'iveg7{wt}t



Similarly to the proof of Theorem 1, under Assumption 1,
the left hand side of the previous relation is equivalent to

d;
min afi_‘“"’l —1—-7 Z Oéldi_tnt,i'ﬁt,i e?
aivegv{wi}tv t=a;
{m, 1€H'}t ‘
+7—Za ntz ptz_'_ﬂtze +5tl[wt]+_sgi[wt}_)
t=a;
(5D

Since a; € (0,1], di—a;+1 > 0asa consequence of
Assumption 2, and 7,7:; > 0, and ¢;; > 0, the coefficient
multiplying e is always non-positive and hence the minimum
over ¢! is achieved at ¢ = e/ + e2. Similarly, since
T, Wi, 05 > 0 and 5;‘75;1‘ > 0, the minimum over {w;},
is achieved at w; = —1 for all t. Moreover, the minimum over
a; is achieved at a; since € > 0 and «; € (0, 1]. Substituting

the values of these minimizers in (51) yields

_ d;
di—a.+1 q—
% @t 7 E ag’

t=a;

min tnt,iﬂt,i (65 + eiA)

{ne,i€H;i}e

+7_Za 7]t1pt2+19t7,e S;Z) )
t=a;
which is equivalent to
_ d;
(af ™ 1) (el o)+ 7Yl
t=a;
X min (P — Vrier — sp,),  (52)

N, €EH;

owing to independence of the minima across t. Since the

minimum over 7 ; is achieved at n;r or —, then (28) is the

epigraphic reformulation of (52) > ~; and this observation

concludes the proof. [ |
APPENDIX V

PROOF OF LEMMA 1

The function .J () can be shown to be a convex function
of z as follows:

J(azy + (1 —a)zy)
=E[J(az1 + (1 — a)xz,d)]

J(azy + (1 — a)xe,d) dP;s
A

g/ (@ (21,0) + (1 — a)J (2, 8)) dPs
A

:a/ J(xl,é)dIP’5+(1—a)/ J(x,8)dPs
A A

= aE[J(21,0)] + (1 — «)E[J(z2,0)]

aJ(z1) + (1 — a)J(zy),

where the inequality is due to J(z,d) being convex and
the monotonicity property of the integral with respect to the
measure Ps. [ |

APPENDIX VI
PROOF OF PROPOSITION 3

Given that, by (19¢), pr; = 0 for all k & [a;,d;] (which
is non-empty under Assumption 2), recalling that e, ; = ¥,
and using (5), we can express €q4,41,; as

di—a;+1 e -t 1
a1 =ap el 47 Z o " min {Wj_pti: gpt,i} :
t=a,
Taking the expectation of the previous expression, using its
linearity property, and the independence between the random
variables granted by Assumption 1, we can compute

Eleq,+1] = Ed, [0f |Eq, [0; ““JaEco[e]]
d,
d;—tp .

Z ; eo,wt |:m1n {nj_pt,iv %pt,i}} .

t=a; ’
Defining a; = — log,,. E[o; “*] and d; = loga E[af], we can
substitute E[o; *] = ;% and E[af] = o into the previous
expression and the desired result directly follows. [ ]
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