






4

inverter in the global optimization voltage regulation scheme. It
should be noticed here that enabling ESSs with PEM allows one to
increase the amount of reactive power that can be infused into the
grid model. This indirectly leverages the packet acceptance/rejection
rates into the voltage regulation problem. It is currently being
investigated how is that acceptance/rejection decision can directly
be used as a secondary condition for accepting packets, however
that will be left as a topic of short term future research.

III. ANALYSIS AND SIMULATIONS

In this section, several simulations are presented in order to
provide a glimpse of PEM actuation together with smart inverters
capable of providing reactive power for voltage balancing. Here
the values of p

g
j at node j have been assumed to come from a

partly cloudy day where PV solar panels at all nodes form 1 to
N generate pg = 0.2pgj,max with probability 0.7 when clouds go

over the panels and pg=p
g
j,max with probability 0.3 otherwise. Also

p
g
j,max is assumed to be 2kW for our scenario and the inverter size is

assumed to be sj=1.2pImax, which is reasonable given that inverters
are usually oversized in relation to pI=pg+pd when ESS discharge
and pI=pg when charging. The ESS loads are assumed to be ether
5kW (consuming) or−5kW (injecting). Also, the background usage
for the upcoming simulations is assumed to be small |w|<<5kW.

A. Static scenario with PEM consumption

The first simulation provides a scenario similar to that in [2]
where at a fixed point in time 100 ESSs have some consumption
or injection already decided the previous instant and the inverter
reacts trying to regulate voltage through the nodes under the three
control laws. The first control law (global) assumes the centralized
optimization approach in which a central operator has knowledge of
everything that goes on at every node and therefore can control the
power factor angles at which inverters provide reactive power. The
result is shown in Fig. 7, where consumption (discharging) is dom-
inant in the snapshot of time in which the simulation is computed.
The latter is obvious due to the monotonically decreasing voltages.

The other cases are related to the local control law described in (6)
in which the first one (local continuous) allows for qIj , for all j, to

be any real value in [−qIj,max
,qIj,max

] whereas the second one (local

discrete) picks qIj ∈{−qIj,max
,...,−qIj,i,...,0,...,q

I
j,i,...,q

I
j,max

} with

qIj,i=qIj,max
sin(iθ) and if iθ≥90◦ then qIj,i=qIj,max

as illustrated
in Fig. 5. The cases for θ=10◦,20◦,40◦ and 80◦ are presented. Both
local control laws appears to handle better the variations in voltages
at the nodes as long as the θ increments are not too big. A reason
why the central optimization approach does not perform better is
that there is no enforcement of voltage being exactly equal to 1 and
variations of it are acceptable as long as these are kept between
±0.05 p.u. On the other hand, the discretization of the power factor
in the inverter mechanics produce a deficiency of reactive power that
when consuming is dominant in the grid, which results in a benefit in
the performance. This was observed in the cases shown in Fig. 7 for
angles 10◦ and 20◦. This is not the case of 40◦ and 80◦ in which the
discretization scheme underperformed the central optimization case.

In Fig. 7 the case where there is no reactive power control (no
logic) is also shown for comparison purposes. Obviously and as
expected, consumption at the nodes makes voltage to decreases
and the grid deteriorates if no control action is taken. Currently,
a probabilistic quantization approach is being pursued in order to
capture the action of angle discretization when balancing voltage
in a grid as the one described in the previous section under PEM.
However, that is left for future reporting/ developments. From Fig.
7, we find that the θ=20◦ case provides that best performance and
that value will be used in the following section to understand the
dynamics associated with the proposed approach.

0 10 20 30 40 50 60 70 80 90 100

Nodes

0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

V
 (

p
.u

.)

Fig. 7. Control law comparison between global, local continuous, local discretized
and control where voltage is measured at the feeder (Node 0) and at 100 loads along
the line.

B. Dynamic scenario with PEM consumption

The second set of simulations illustrate how PEM interact with
inverters for power balancing and voltage regulation. The setting for
this simulations involve a fleet of 100 ESSs with P c

rate=P d
rate=5kW

that under PEM track a reference power signal of −10kW (to
incentivize ESS injections by being below the nominal response
of the fleet2). Note that by incentivizing injections the ESS loads
provide power to the inverters for its conversion into reactive power
for voltage regulation at the nodes, which is the primary interest
of the scheme.

Fig. 8 provides the voltage response of node 50 during tracking
of the −10kW reference for the cases in which there is central
optimization control (global case) and in which there is discretized
PEM-based local control using angles of θ=20◦ steps. In general,
all nodes showed better performance (voltage closer to 1 p.u.)
for the local control law, and not much difference between the
continuous and discretized versions of it. One expects that the
larger the angle increments in the discretization scheme the more
the deviation from 1 p.u. voltage. Further research is require to
understand analytically the limits of the discretization scheme and
it is outside the scope of this paper.
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Fig. 8. PEM control law comparison with dominant consumption due to reference
tracking line of −10kW for node 50.

Finally, a simple quantification of the voltage deviation is
performed. First from the PEM macromodel development in [5],
it is possible to assess the probability of an arbitrary ESS to be
in the logic states c,sb and d. That is, when the PEM system is in
steady state, which is a condition for using (5), the system dynamic
can be seen as a simple Markov chain as in Fig. 9. The quantities
βcκc,βdκc,βsb,c, βsb,d represent the percentage of the population that
are transitioning between states, where κc :=P(zβc

), κd :=P(zβd
)

with zβc
and zβd

the average state of charge of the population in
steady state when βc and βd are fixed, respectively. Also, denote by

2Details on the nominal response of populations under PEM can be found in [9]




