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Abstract—Load peaks can have a negative impact on the
stability of the power grid and maintenance costs for transmission
and generation companies. Currently, increasing use of plug-in
hybrid electric vehicles (PHEV) further proliferates the problem
because charging patterns are expected to coincide with peak
demand hours, especially the afternoon peak hours.

To ameliorate this problem, we have investigated two different
multi-agent mechanisms for scheduling the charging PHEVs:
one where the charging plans for the PHEVs are created in a
centralized manner, and a decentralized mechanism where PHEV
agents stochastically generate charging plans on their own accord
based on a pre-defined probability distribution.

We found that both mechanisms were able to schedule the
PHEVs so that aggravating peak load was avoided, but that
it came at a cost of the PHEVs’ capacity to recharge in the
centralized version. The decentralized mechanism, on the other
hand, showed promising results in terms of fairness to the end
user while being able to charge PHEVs outside of peak hours.

Index Terms—multi-agent systems, smart grid, demand-side
management, load scheduling, PHEV.

I. INTRODUCTION

Official estimates indicate that PHEVs, EVs and hydrogen-

based vehicles may account for 5% of the total car population

in Norway by 2020, and that as much as 26% of the fleet

may be electrified or hydrogen-powered by 2030 [1]. It is thus

probable that the transport sector will add a considerable load

to the Norwegian electricity consumption within the next few

decades.

One of the anticipated challenges in the future smart grid

is how to efficiently handle the extra load associated with

charging the growing number of PHEVs. PHEV market

penetration may further aggravate this situation, especially

since the extra demand resulting from PHEVs recharging their

batteries is expected to coincide with times at which demand

is already at its highest [2].

In this paper we use a multi-agent system (MAS) to

schedule PHEV battery charging in a simulated environment

involving residential power consumers and PHEVs connected

to a simplified distribution grid. A MAS consists of intel-

ligent agents interacting in an environment. The agents can

be computer software modules, human beings, or anything

else capable of autonomous and rational actions. Multi-agent

technology can be used to build systems that are scalable,

fault-tolerant, secure and easy to reason about.

The contributions of this paper are twofold. First, we de-

velop a model framework for studying the impact of electrified

vehicles and their charging patterns on the power grid and

peak load under various conditions, along with an open-source

simulator that implements this framework. Second, through

a multi-agent approach to PHEV charge scheduling, we in-

vestigate the effect of different scheduling mechanisms, and

demonstrate a particularly efficient distributed and stochastic

scheduling regime, based on the well-known mixed strategy
for multi-agent systems.

The rest of this paper is structured as follows. In the

next section we report on related work on MAS approaches

to load scheduling. In Section III we describe our overall

approach. Subsequently, Section III-A describes the models

that make up our simulated environment. In Section III-B, we

describe the agents that operate in this environment, and the

different strategies for charge scheduling. Finally, we present

experiments involving different scheduling strategies, with a

special focus on their effect on peak load.

II. RELATED WORK

The simulator we have developed is inspired by Boucké

and Holvoet [3]. They investigated scheduling mechanisms

for the charging of PHEVs, with a focus on minimizing the

imbalance cost between the real-time demand or supply, and

the contracted amount on the day-ahead market. Our simulator

extends upon this work by considering how such scheduling

mechanisms can be used to influence peak-shaving. Further-

more, the PHEV model in our simulator attempts to model

consumer behavior by implementing uncertainty into the usage

patterns. To learn the usage patterns through experience, the

PHEV agent implements a simple learning mechanism. By

learning, it is possible for the system to better schedule PHEVs

when there is uncertainty about when they will be used.

Vandael et al. [4] have studied a MAS where PHEV agents

and Transformer agents coordinate the load scheduling to-

gether. They consider two different decentralized coordination

mechanisms, and compare these to a centralized quadratic

programming (QP) approach. They find that while the MAS

mechanisms are not able to obtain optimal results, they scale

and adapt better than the QP solution.

Mets et al. [5] compare centralized and decentralized load

scheduling scenarios for PHEVs. However, they do not use

a MAS approach, and the decentralized solution uses only

local information. Mohsenian-Rad et al. [6] focus on reducing

the peak-to-average (PAR) ratio by using energy consumption

scheduling (ECS) devices implemented in smart meters. Sim-

ilarly, Caron and Kesidis [7] investigate the effect of sharing

load profiles among users.







imbalance is greatest, such that real-time consumption is

brought closer to the target load profile. Otherwise, energy

is assigned to the times at which the imbalance is smallest. In

this case, the overall real-time consumption has exceeded the

net predicted load. Wherever the charge is placed, it will have

a negative impact, but it will do the least harm at the time at

which the imbalance is the least.

Algorithm 1 Pseudocode for the reactive and proactive

scheduling algorithms, adapted from the algorithms described

by Boucké and Holvoet [3].

1: function UPDATE(plan, pred, target, left, t)
2: plant ← χ.rate
3: predt ← predt + χ.rate
4: left← left− χ.rate

5:

6: function CREATE-PLAN-REACTIVELY(target)
7: let plan = make-empty-plan()

8: left← sum(intentions)

9: for each t ∈ now . . . departure-time do
10: if sum(pred) < sum(target) and left > 0 then
11: update(plan, pred, target, left, t)

12: return plan

13:

14: function CREATE-PLAN-PROACTIVELY(target)
15: let plan = make-empty-plan()

16: left← sum(intentions)

17: while left > 0 do
18: if sum(pred) < sum(target) then
19: t← argmaxt(predt − targett)
20: update(plan, pred, target, left, t)

21: return plan

D. Decentralized scheduling mechanisms

In the second approach to load-scheduling we have in-

vestigated a decentralized mechanism where no centralized

schedulers are used. Rather, the PHEVs stochastically generate

their charging plans on their own accord based on a pre-defined

probability distribution. We have studied two different ways of

creating this probability distribution, leading to two different

scheduling algorithms: uniform strategy scheduling and mixed
strategy scheduling. The former algorithm schedules charging

based on a uniform probability distribution. In the latter, the

PHEV agent creates a distribution by interacting with a central

agent that provides the PHEV agents with predictions about

the future energy consumption in the grid.

Uniform strategy scheduling: In the uniform strategy, each

PHEV agent creates a charging plan by selecting as many 15-

minute time slots as necessary to fully charge the battery. Time

slots are selected with uniform probability from the present

time until the expected time to leave.

Mixed strategy scheduling: In the mixed strategy, the PHEV

agent creates a charging plan by drawing 15-minute time slots

from a distribution that is the inverse of the normalized load

prediction from the present time until the expected time to

leave. This distribution has a high probability of charging when

total demand is low.

Pseudocode for generating the mixed strategy is shown in

Algorithm 2. Figure 6 illustrates the process. Each time the

PHEV agent recognizes that it is connected to the grid and

that its current battery capacity is below maximum capacity,

it will ask the BRP agent for a prediction of future energy

consumption based on a window from the present time and

until the PHEV agent believes it will be disconnected from the

grid again. Also, once the PHEV has generated its charging

plan, it reports back to the BRP agent. The BRP agent will

then update its own predictions by incorporating the charging

plan from the PHEV agent. This prevents the PHEV agents

from all generating their charging plans based on the same

distribution. The interaction diagram for the mixed strategy

scenario is shown in Figure 5.
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Fig. 5. An example of multi-agent interaction in the mixed strategy scenario.

Algorithm 2 Generating a mixed strategy charging plan.

1: function CREATE-MIXED-STRATEGY

2: let pred = request-prediction(brp, departure-time)

3: let pred norm = normalize(pred)

4: for each x ∈ pred norm do
5: strategyt ← 1.0− x

6: let plan = create-plan-from-strategy(strategy)

7: inform(brp, plan)

8:

9: function CREATE-PLAN-FROM-STRATEGY(strategy)

10: let remaining = battery.max− battery.current
11: for t ∈ now . . . departure-time do
12: if rand(0, 1) < strategyt then
13: plant ← rate
14: remaining ← remaining − rate

return plan

IV. EXPERIMENTS

We have performed a total of 6 experiments in order

to investigate the performance of the mechanisms. In the

centralized scenario, four experiments were performed, one
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