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Abstract—We study a communication framework for nonlinear
multibus DC MicroGrids based on a deliberate modification of
the parameters of the primary control and termed power talk.
We assess the case in which the information is modulated in
the deviations of reference voltages of the primary control loops
and show that the outputs of the power talk communication
channels can be approximated through linear combinations of
the respective inputs. We show that the coefficients of the linear
combinations, representing equivalent channel gains, depend on
the virtual resistances of the primary control loops, implying that
they can be modified such that effective received signal-to-noise
ratio (SNR) is increased. On the other hand, we investigate the
constraints that power talk incurs on the supplied power devia-
tions. We show that these constraints translate into constraints on
the reference voltages and virtual resistances that are imposed on
all units in the system. In this regard, we develop an optimization
approach to find the set of controllable virtual resistancesthat
maximize SNR under the constraints on the supplied power
deviations.

I. I NTRODUCTION

MicroGrids (MGs) are localized clusters of small-scale
Distributed Generators (DGs) that cover small geographical
areas and operate either connected to the main grid or in
standalone mode [1]. The MG control plane is divided into
hierarchy of three levels, comprising the primary, secondary
and tertiary control levels [2]. Theprimary control enables
the basic operation of the system by regulating the electrical
parameters (bus voltage and/or frequency) and keeping the
supply-demand power balance to guarantee local stability.It is
implemented in a decentralized manner using thedroop control
law [3], [3], relying only on the local measurements of the
controllers. The upper,secondaryand tertiary control levels
optimize the performance of the MG in terms of maximizing
the quality of the delivered power under minimal operation
cost, and, in order to operate properly, require exchange of
local information among the controllers. Recent approaches
suggest to avoid use of external communication systems for
MG control applications, due to related costs, complexity
and reliability issues [2], [3]; rather, the existing powerline
equipment is also used for communication [4]–[6].

In [8] we introducedpower talk - a communication tech-
nique over the power lines, developed for direct current
(DC) MGs and proposed as an alternative to using external
communications for upper layer control. Power talk is an in-
band solution that modulates the information into controlled
deviations of the parameters of the primary control loops of
the DGs. In this way, a communication channel is induced

over the DC bus voltage level through which information-
carrying deviations of the voltage (or, equivalently, power)
are disseminated throughout the system, and received and
processed by other DG units. The control frequency of the
primary droop controller is typically between10 − 1000Hz,
which implies that power talk is a narrowband powerline com-
munication (PLC) solution. It exhibits conceptual similarities
with other existing low-rate PLC standards for communication
in the AC distribution grids, such as Ripple Carrier, TWACS
and Turtle [7], which also rely on disturbing the (sinusoidal)
voltage wave to transmit information. However, in contrastto
these solutions, power talk requires no additional hardware
to generate and process the information signals, as it is
implemented in the local primary control loop of the power
electronic converters that connect the DGs to the DC buses.
Thus, power talk exhibits the self-sustainability featureof the
MG paradigm, drawing its reliability from the reliability of
the MG system itself.

The power talk communication channel shows some chal-
lenging properties that are not commonly encountered in
communication systems: i) non-linear input-output relation,
ii) configurations of primary controllers of all communicating
units jointly determine the values of the observed channel out-
puts, i.e., voltage/power levels of MG buses, iii) configurations
of primary controllers are also jointly subject to constraints
in terms of the allowed supplied power deviations, and iv)
dependence of the channel outputs on the configuration of
the rest of the system, i.e., distribution line impedances and
the instantaneous values of the loads that change randomly.
The previous works [8]–[12] investigated the performance
of power talk in presence of random load changes, when
standard communication techniques, such as line-coding and
pilot-sequence based training are applied. In addition, [8]–[12]
focused on a simple single bus DC MG system where the
effect of the distribution lines can be ignored and all units
observe the same output. In this paper we expand the analysis
of power talk in several ways, as elaborated below.

Motivation and Contributions

We assume that a general DC MG withN buses, where
each bus hosts a single droop controlled DG unit operated as
a voltage source, see Fig. 1 (more details on DG operation
are provided in Section II-A). Denote the DC voltage level of
busn with vn and the droop control parameters of the units
xn, rn, n = 1, ..., N , wherexn is the reference voltage and
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rn is the virtual resistance. We consider a variant of power
talk in which the signaling is done only through the reference
voltagexn by modulating it around itsnominalvaluexnn:

xn = xnn +∆xn, n = 1, ..., N, (1)

i.e.,∆xn, n = 1, ..., N , are power talk inputs. The power talk
outputs are the deviations of the bus voltagesvn around their
nominal valuesvnn:

vn = vnn +∆vn, n = 1, ..., N, (2)

wherevn = vn(∆x1, ...,∆xN ) is a non-linear function of the
inputs. This deviations translate into deviations of the output
powerspn around their nominal valuespnn:

pn = pnn +∆pn, n = 1, ..., N, (3)

wherepn = pn(∆x1, ...,∆xN ) is also a non-linear function
of the inputs. Further, in order to maintain the quality of the
supplied power, which is one of the main goals of the MG
operation, the variances of∆pn should be bounded:

E[∆p2n] ≤ π2
n, n = 1, ..., N, (4)

whereπn is the power deviation budget of unitn.
Under the assumption that the reference voltage deviations

are small compared to their nominal values, in this paper we
derive the linearized models:

∆vn =

N∑

m=1

h̆n,m∆xm, n = 1, ..., N, (5)

E[∆p2n] =

N∑

m=1

φ̆2n,mE[∆x2m], n = 1, ..., N, (6)

whereh̆n,m = h̆n,m(r1, ..., rN ) andφ̆n,m = φ̆n,m(r1, ..., rN ),
i.e., they are functions of virtual resistances, as shown in
Sections II-B and II-C. In other words, the resulting linearized
model is such that the units cancontrol the channel gains
h̆n,m through the values ofrn, n,m = 1, ..., N . Moreover,
using (4) and (6), we show that constraints on the individual
signals ∆xn are obtained as solutions of a linear system
of inequalities, jointly imposed on droop parameters of all
units. In Section III we show how to exploit the above
properties to optimize the received SNR of the observations
of the channel outputs. Specifically, we show that, when the
output∆vn is affected by Gaussian noise, the received SNR
can be maximized by optimizing the virtual resistancesrn
under power deviation budgetsπn, n = 1, ..., N . Finally, in
Section III-B, we present an algorithm to obtain the optimal
values of the virtual resistances. We conclude by noting that
the power talk schemes assessed in [8], [9] can be derived as
special instances of the communication framework developed
in this paper.

II. SYSTEM MODEL

A. Signal Model

Fig. 1 depicts the architecture of a bus in a DC MG system
with N buses, wherevn denotes the steady state bus voltage.
Without loss of generality, we assume that each bus hosts a

Fig. 1. General architecture of multibus DC MicroGrid.

single DG, connected to the distribution infrastructure through
a power electronic converter. On the primary control level,the
converter is configured as a voltage source converter (VSC)
[3], [6], regulating the bus voltage using the droop law [2]:

vn = xn − rnin, n = 1, ..., N, (7)

where in is the output current, andxn and rn are the
reference voltageand thevirtual resistance(i.e., droop slope),
respectively, whose values are subject to control. The reference
voltagexn corresponds to the rated voltage of the MG [3],
while the virtual resistancern is set to enable proportional
load sharing among the DGs. The nominal values of these
parameters, when not using power talk, are denoted with
xnn and rnn, corresponding to the nominal bus voltagevnn.
Each bus also hosts a collection of local loads, modeled by
a resistancercr

n , constant currenticc
n and constant powerdcp

n

components connected in parallel, see Fig. 1; the loads change
randomly through time. The buses are interconnected through
DC distribution lines. The resistance of the line between buses
n and m is denoted withrn,m, see Fig. 1: by convention,
rn,m = ∞ if n = m or if busesn andm are not directly
connected. We write:

rbus
n =

(
1

rcr
m

+
∑

m∈N

1

rn,m
+

1

rn

)−1

, (8)

to denote the equivalent bus-to-the-ground resistance of bus
n, including the resistive component of the load. All voltages,
currents, powers and impedances in DC systems are real
numbers [14].

The physical behavior of the system is governed by the
Ohm’s and Kirchoff’s laws: applying them for the system
shown in Fig. 1, we obtain the following current balance
equation for busn = 1, ..., N in steady state [13]:

xn − vn
rn

=
vn
rcr
n

+ icc
n +

dcp
n

vn
+
∑

m∈N

vn − vm
rn,m

, (9)



which yields:

1

rbus
n

v2n −

(
xn
rn

+
∑

m∈N

vm
rn,m

− icc
n

)

vn + dcp
n = 0. (10)

The unique, physically viable solution to (10) is the positive
root; it can be easily verified that the solution is real if the
droop parameters satisfy the following condition:

xn ≥ rn

(
√

4dcp
n

rbus
n

−
∑

m∈N

vm
rn,m

)

, n = 1, ..., N. (11)

This system of inequalities defines the ranges of allowable
values for the droop control parametersxn andrn.

B. Discrete Time Linear Signal Model

We proceed by developing a linearized model for all-to-
all full duplex communication scenario, where all VSC units
simultaneously transmit and receive data. We assume that the
time is slotted in slots of durationTS and the units are slot-
synchronized.1 In slot t, the reference voltage of VSCn is:

xn(t) = xnn +∆xn(t), n = 1, ..., N, (12)

with ∆xn(t) being theinput signal. Then, the resulting devi-
ation of the bus voltage in slott can be written as:

vn(t) = vn +∆vn(t), (13)

where∆vn(t) is the output of the communication channel.
VSC n samples the noisy version of∆vn(t) with frequency
fS and uses the average ofNS = TSfS samples over the slot
t to obtain the observation2:

∆ṽn(t) = ∆vn(t) + zn(t), (14)

where noisezn(t) ∼ N (0, σ2
z) can be modeled as an additive

Gaussian noise [15], [16]. Finally, we assume that the loadsin
the system changes randomly with a rate that is much lower
than the signaling rateT−1

S and that the signaling is done over
a single realization of the load values.3

Assume that the reference voltage deviations∆xn(t), n =
1, ..., N , are small:

|∆xn(t)|

xnn
≪ 1 ⇒

|∆vn(t)|

vn
≪ 1. (15)

Under this assumption, we use the first-order Taylor approxi-
mation of (10) aroundxnn to obtain the linear model:

∆vn(t) ≈
∂vn

∂∆xn(t)
∆xn(t) +

∑

m∈N

∂vm
∂∆vn(t)

∆vm(t)

= rbus
n κn

∆xn(t)

rn
+ rbus

n κn
∑

m∈N

∆vm(t)

rn,m
, (16)

1The duration of the time slotTS is set to comply with the control frequency
of the primary controller; its value is typically of the order of milliseconds to
allow the system to establish steady-state.

2More precisely, the bus voltage is sampled after the system reaches a
steady state and all transient effects diminish.

3Typically, the average time between consecutive load changes in MG
systems is of the order of several seconds or even minutes [2]–[6].

whereκn ≥ 1 is given with:

κn =
1

2

(

1 +

xnn
rn

+
∑

m
vm
rn,m

− icc
n

√

(
xnn
rn

+
∑

m
vm
rn,m

− icc
n )

2 − 4dcp
n

rn

)

. (17)

We introduce the following notation:
• inputN × 1 vector∆x(t) = [∆x1(t), ...,∆xN (t)]T ,
• outputN × 1 vector∆v(t) = [∆v1(t), ...,∆vN (t)]T ,
• admittance matrixΨ of dimensionN ×N , with entries:

ψn,m =

{ ∑

i∈N
1
rn,i

, m = n,

− 1
rn,m

, n 6= m,

• modified admittance matrix̆Ψ in which each diagonal
entry is multiplied byκ−1

n , i.e. ψ̆n,n =
ψn,n

κn
,

• theN ×N matrix Y = diag
{
r−1
n

}

n=1,...,N
,

• theN ×N matrix Ycr =
{
(rcr
n )

−1
}

n=1,...,N
,

• theN ×N matrix K = diag{κn}n=1,...,N .
Using (16) and the above notation, the linearized input-output
relation can be compactly written as follows:

∆v(t) ≈ (Ψ̆+K−1(Y +Ycr))−1Y∆x(t) (18)

= H̆∆x(t). (19)

We refer to the matrix̆H as thechannelmatrix of the system.
Finally, we obtain the following linear model for the noisy
output observed by VSCn:

∆ṽn(t) =
N∑

m=1

h̆n,m∆xm(t) + zn(t), (20)

whereh̆n,m is the entry at positionn,m of the channel matrix;
it can be shown that̆hn,m > 0, ∀n,m. We conclude by
noting that the resulting linearized power talk communication
channel (20) is an all-to-all full duplex Gaussian Multiple
Access Channel [17], provided that the channel coefficients
h̆n,m, m = 1, ..., N , are known.

The channel coefficients̆hn,m determine how strongly the
input∆xm influences the output observed by VSCn; h̆n,m is
a function of 1) the instantaneous values of all loads, 2) theline
impedances and 3) the virtual resistances of the VSCs, which
are controllable. Thus, the values of the channel coefficients
can bemodifiedthrough the virtual resistances:

rn = rnn +∆rn, n = 1, ..., N. (21)

The optimized values ofrn, denoted withr∗n, is fixed during
the transmission and, in general case, is different from the
nominal valuernn, i.e.,∆rn 6= 0. This phenomenon represents
a major difference from standard communication scenarios.In
the rest of the paper we assume that the functional relation
h̆n,m(r1, ..., rN ) is known ∀n,m. This assumption implies
knowledge of the impedances of the distribution lines and
the values of the loads, i.e., knowledge on the matricesΨ,
Yca andK for given power demand. Such knowledge can be
availablea priori (typically, in demand-response scenarios, the
load values are available through forecast [13]), or it can be
obtained through estimation ofΨ, Yca andK (this aspect is
out of the paper scope).



In the case when the system does not host non-linear loads,
i.e., whendcp

n = 0, ∀n, thenκn = 1, ∀n andK = IN , i.e., it
is equal to theN ×N identity matrix. In this case the linear
model (18) is exact and obtains the form:

∆v(t) = (Ψ+Y +Ycr)−1Y∆x(t) = H∆x(t). (22)

Remark: From an information-theoretic viewpoint, one can
actually send additional information bymodulatingthe virtual
resistances. In addition, the channel can be also optimizedover
the reference voltages. Particularly, generalizing the above
communication scheme, we write:

xn(t) = xnn +∆xn +∆xn(t) = xn +∆xn(t), (23)

rn(t) = rnn +∆rn +∆rn(t) = rn +∆rn(t). (24)

Assuming that∆xn(t) and∆rn(t) are small, relative toxn
and rn, respectively, and applying Taylor’s expansion we
obtain the following linearized model:

∆ṽn(t) =

N∑

m=1

(
h̆n,m∆xm(t) + ϕ̆n,m∆rm(t)

)
, (25)

where ϕ̆n,m represent the gains on the channel used to
transmit information through the virtual resistances. It can be
shown thath̆n,m = h̆n,m(x1, ..., xN , r1, ..., rN ) and φ̆n,m =
ϕ̆n,m(x1, ..., xN , r1, ..., rN ), i.e., the channel can be optimized
over both the virtual resistancesand the reference voltages. In
this paper, we treat the special case: 1)∆xn = 0, xn = xnn,
i.e., the reference voltages are only used for signaling and, 2)
∆rn(t) = 0, i.e., the virtual resistances are not information-
carrying, and act only as state variables over which the
linearized channel is optimized (for notational convenience,
we omit the overline symbol in∆rn = ∆rn).

Single Bus System:We characterize some of the basic
properties of the channel coefficients through a simple case
of a single bus systems and note that the same observations
hold for multibus systems. This system is a special case of
the system depicted in Fig. 1, in which the effects of the
distribution lines can be neglected and all units are assumed
to be connected to a common point and observing the same
voltage. In this case (20) transforms into:

∆ṽn(t) =

N∑

m=1

h̆m∆xm(t) + zn(t), (26)

where the channel coefficients areh̆m = h̆ r−1
m and where:

h̆ = rbus 1

2

(

1 +

∑N
n=1

xnn
rn

− icc

√

(
∑N

n=1
xnn
rn

− icc)2 − 4dcp

rbus

)

︸ ︷︷ ︸

κ

. (27)

We observe that if the system does not host non-linear,
constant power load, i.e., ifdcp = 0 , then κ = 1 and
the channel coefficients satisfyhn = rbusr−1

n < 1 and
∑N

n=1 hn < 1. In this case, expression (26) reduces to a form
used in earlier works on power talk [8], [9]. In general, when
dcp 6= 0, the above observation is not necessarily true and
the channel coefficient, depending on the valuedcp, can be

πn

pnn

∆pvrn

pnn −∆pvrn

√

π
2
n − (∆pvrn )2

rn increase for all n

Fig. 2. Example of power talk impulses transmitted by unitn in steady state.
The full blue line represents the supply powerpn(t) (see eq. (30)). The red
dash line is the nominal output powerpnn in absence of virtual resistance
deviations, i.e.,∆pvr

n = 0 and ∆prv
n(t) = 0. Evidently, when the virtual

resistance is not deviated, then the power deviation budgetπm is completely
allocated for the reference voltage power deviations∆prv

n(t). The green dash-
dot line is the output powerpnn+∆pvr

n after virtual resistance modification and
∆prv

n(t) = 0. In this case, part of the power deviation budget is investedin
virtual resistance deviations, and the rest, i.e.,

√

π2
n − (∆pvr

n)
2, is allocated

for power talk signaling.

greater than1. However, the value ofκ, which appears as a
result of linearization, in practice is very close to1, implying
that in most practical cases,hn < 1. In fact, from (27), the
assumptionκ ≈ 1 is valid as long as the condition:

rbus

( N∑

n=1

xnn
rn

− icc

)2

≫ 4dcp (28)

is satisfied. The physical meaning of this condition is that the
constant power component of the load constitutes negligible
part of the total bus load.

C. Input Constraints

Changing the reference voltages and the virtual resistances
of VSC units deviates the supplied power. Thus, we consider
imposing constraints on the inputs∆xn, n = 1, ..., N , in order
to limit the related power deviations. The output power that
VSC n is supplying to busn is defined as:

pn =
vn(xn − vn)

rn
, n = 1, ..., N. (29)

During power talk, the output powerpn(t) deviates from the
nominalpnn as follows:

pn(t) = pnn +∆pn(t), n = 1, ..., N. (30)

We bound the average power deviation∆pn(t) = pn(t)− pnn
with respect to the nominal valuepnn:

E[(pn(t)− pnn)
2] ≤ π2

n, n = 1, ..., N, (31)

whereπn is thepower deviation budgetof VSC n.
The power deviation∆pn(t) can be decomposed as:

∆pn(t) = ∆pvr
n +∆prv

n (t), (32)

where ∆pvr
n is the power deviation due to deviations in

the virtual resistances∆rn, see (21), while∆prv
n (t) are the

power deviations related to the reference voltage deviation
∆xn(t), n = 1, ..., N , see (12), respectively. In the proposed
communication scheme, the virtual resistances are fixed to
their optimized values, such thatpnn + ∆pvr

n is the power
supplied by VSCm in absence of the reference voltage devia-
tions. Afterward, power talk communication through reference



voltage deviations is established around the new power supply
level. The key aspect here is that the power deviation bound
is defined with respect to the nominal supply levelpnn, as
formulated in (31).

This is illustrated in Fig. 2. Evidently, if the channel gains
are not modified through the virtual resistances, i.e., when
∆rn = 0 and∆pvr

n = 0, then the available power budget is
allocated only for power talk communication through devia-
tions of the reference voltages. However, after optimizingthe
channel gains, the available power budget for communication
is reduced, as portion ofπn is allocated to deviate the virtual
resistances. This presents a trade-off between the power de-
viation “investment” into the deviations of reference voltages
used for communication and in deviations of virtual resistances
used for optimizing channel gains. Section III shows how to
optimize this trade-off for a simple one-way communication
in order to maximize the received SNR.

For small ∆xn(t), n = 1, ..., N , the first-order Taylor
approximation ofpn(t) aroundpnn +∆pvr

n is:

∆prv
n (t) ≈

N∑

m=1

φ̆n,m∆xm(t), n = 1, ..., N, (33)

where:

φ̆n,m =

{
h̆n,mx

n

n−2h̆n,mvn
rn

, m 6= n,
h̆n,nx

n

n−2h̆n,nvn
rn

+ vn
rn
, m = n.

(34)

Assuming thatE[∆xn] = 0 andE[∆xn∆xm] = 0, for n,m =
1, ..., N , we get:

N∑

m=1

φ2n,m E[∆x2m] ≤ π2
n − (∆pvr

n )
2, n = 1, ..., N. (35)

Evidently, all communicating units take part in constraining all
inputs. Further, using (35) one can formulate a linear program
for maximizingE[∆x2n], n = 1, ..., N , such that the constraints
are met.

We end this section by noting that the developed linear
all-to-all full duplex communication model accommodates all
possible communication scenarios such as one-way, two-way,
broadcast, multicast and multiple access; they can be easily
derived from (19) by modifying the respective entries in the
input vector ∆x(t), depending on whether specific VSCs
transmit or not.

III. C ASE STUDY

In this section we focus on the simple case of one-way
communication between two VSC units in the system depicted
in Fig. 3. The goal of this example is to illustrate how to take

Fig. 3. Test DC MicroGrid system.

advantage of the property that the channel coefficients can be
modified through the virtual resistances.

The system comprises three buses. BusesA and B are
generation buses that host only VSCs while busC is a
load bus, hosting only remote load. BusC is connected to
busesA and B through distribution lines. Without loss of
generality, the load comprises constant resistance and non-
linear, constant power component and no constant current load.
We assume a distance based model for the distribution line
resistances, where the resistance of the line is proportional to
the line lengthL: rA,C = ρLA,C andrB,C = ρLB,C , where
ρ = 0.641Ω/km [3], [6], LA,C = 0.3 km andLB,C = 1 km.
The nominal reference voltages of the VSCs arexnA = xnB =
400V, the nominal virtual resistancesrnA = rnB = 0.39Ω. We
assume that the standard deviation of the observation noise,
see (14), isσz = 0.01 V [18].

A. Communication Model

Assume that VSCA transmits to VSCB, while VSC B
is silent, i.e.∆xB(t) = 0. The vectors∆x(t) and∆y(t) in
(19) can be written as∆x(t) = [∆xA(t), 0, 0]

T and∆v(t) =
[∆vA(t),∆vB(t),∆vC(t)]

T while the channel matrixH̆ is
given by (36) that is displayed at the bottom of the page,
where:

κC =
1

2

(

1 +

vA
rA,C

+ vB
rB,C

√

( vA
rA,C

+ vB
rB,C

)2 −
4dcp

C

rC

)

. (37)

The output observed by VSC B is:

∆ṽB(t) = h̆B,A∆xA(t) + zB(t). (38)

The VSC B employs maximum likelihood detection on the
observed channel output, and the effective received SNR is:

SNRB =
h̆2B,A E[∆x2A]

σ2
z

. (39)

H̆ =











1
rA,C

0 − 1
rA,C

0 1
rB,C

− 1
rB,C

− 1
rA,C

− 1
rB,C

( 1
rA,C

+ 1
rB,C

) 1
κC




+





1 0 0
0 1 0
0 0 1

κC













1
rA

0 0

0 1
rB

0

0 0 0



+





0 0 0
0 0 0
0 0 1

rcr
C














−1 



1
rA

0 0

0 1
rB

0

0 0 0



 .

(36)



The constraints (35) on input∆xA become:

φ̆2A,A E[∆x2A] ≤ π2
A − (∆pvr

A)
2, (40)

φ̆2B,A E[∆x2A] ≤ π2
B − (∆pvr

B)
2, (41)

from which we obtain the following expression for the re-
ceived SNR:

SNRB =
h̆2B,A
σ2
z

min

{

π2
A − (∆pvr

A)
2

φ̆2A,A
,
π2
B − (∆pvr

B)
2

φ̆2B,A

}

.

(42)

The channel gains̆hA,A and h̆B,A can be obtained from̆H
in (36), after whichφ̆A,A and φ̆B,A are calculated from (34).
The “investments” in power deviations due to virtual resistance
modifications are calculated as follows:

∆pvr
n =

(xnn − vn)vn
rn

−
(xnn − vnn)v

n

n

rnn
, n = A,B, (43)

wherevn is given with (44).

B. SNR Maximization

We rewrite (42) as:

SNRB =
1

σ2
z

min {gA(rA, rB), gB(rA, rB)} , (45)

where the functions

gA(rA, rB) =
h̆2B,A

φ̆2A,A
(π2
A − (∆pvr

A)
2), (46)

gB(rA, rB) =
h̆2B,A

φ̆2B,A
(π2
B − (∆pvr

B)
2), (47)

are introduced for notation convenience. We are interestedin
the behavior of the received SNR as function of the virtual re-
sistances over the domainR = {(rA, rB) : gA ≥ 0, gB ≥ 0},
i.e. for pairsrA, rB for which the SNR is positive, which is
equivalent to the conditions∆pvr

A < πA and∆pvr
B < πB . In

this respect, it can be shown that:

• In order to increase the values of the functionsgA and
gB, one has to increaserA andrB beyond their nominal
values.

• By investigating the Hessian of the vector function
[gA, gB]

T with respect to[rA, rB ]T , it can be verified
that these functions areconcaveoverR.

• Finally, the received SNR is the minimum ofgA andgB,
and is therefore also aconcavefunction overR.

Due to the concavity of the SNR, optimal combinationr∗A, r
∗
B

that maximizes the received SNR subject to the available
power deviation budgets can be found. The SNR maximization

πA = πB(W)
50 100 150 200

C
B

2

3

4

5

6

After SNR optimization

No SNR optimization

Fig. 4. The capacity of the scheme in one-way power talk channel (38) for
a given valueh̆B,A (rnA = rnB = 0.39Ω, rcr

C
= 50Ω, d

cp
C

= 2500W,
icc
C

= 0A).

problem can be formally written as:

max
rA,rB

gA, (48)

s.t. gA = gB, (49)

rnn ≤ rn ≤ rmax
n , n ∈ {A,B} , (50)

wherermax
n is the upper bound of the allowable dynamic range

on the virtual resistances, satisfying (11). In other words, we
seek the intersection point of the functionsgA and gB for
which (45) is maximized.

The functions gA and gB are nonlinear in the virtual
resistances, preventing us from finding a closed form solution
to (48). Therefore, we resort to iterative, global optimization
solver. In this paper, we employ a grid-search in the region
[rnA ≤ rA ≤ rmax

A , rnB ≤ rB ≤ rmax
B ], using step of0.005Ω

for both virtual resistances, to obtainr∗A, r
∗
B. Fig. 4 depicts

the capacityCB for given values of the loadsdcp
C and rcr

C

of the one-way power talk channel (38) before/after SNR
maximization, as a function of the power deviation budget
whenπA = πB:

CB =
1

2
log(1 + SNRB). (51)

Evidently, the capacity of the scheme increases as the avail-
able power budget increases. However, it is also obvious that
a significant gain in the information rate can be achieved after
optimizing values of the virtual resistances/maximizing the
received SNR.

IV. CONCLUSION

In this paper, we focused on power talk for multibus DC
MG systems of arbitrary configuration, investigating the case

vn = rbus
n

(

xnn
rn

+

xn
A

rA+rA,C
+

xn
B

rB+rB,C
+

√

(
xn
A

rA+rA,C
+

xn
B

rB+rB,C
)2−4dcp

C
( 1
rA+rA,C

+ 1
rB+rB,C

+ 1

rcr
C
)

2rn,C( 1
rA+rA,C

+ 1
rB+rB,C

+ 1

rcr
C
)

)

n = A,B. (44)



in which the information is modulated in the deviations of
the reference voltage. To analyze the proposed communication
setup, we developed a small signal framework and showed
that the communication channel outputs (i.e., bus voltage
deviations) are linear in the input signals (i.e., reference
voltages), while the channel coefficients are functions of the
virtual resistances. Through a case study, we showed how
to exploit these properties in order to optimize the virtual
resistances such that effective SNR is maximized under the
constraints on supplied power deviation.

The focus of our future work will be on the general approach
in which both controllable parameters, reference voltagexn
and virtual resistancern, are jointly optimized in order to
maximize the capacity of the derived communication channels.
The main challenge in this regard is the highly non-linear
relation between the channel output and the inputs, consisting
of reference voltage and virtual resistance deviations; thus, fur-
ther investigation is required to develop analytically tractable
model.
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