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Abstract—Switched reluctance generators (SRGs) possess a
range of advantages, such as simple structure, good heat dissi-
pation, high fault tolerance, which have, thus, been applied to
wind power generation systems and other distributed generators.
In order to maximize SRG performances, stable and reliable
communication is essential to facilitate system monitoring, fault
detection, and energy management system development. In this
article, we propose a new modulation–demodulation strategy to
realize effective power-line communication (PLC) between SRG
and other converters in an inverter-interfaced distributed power
grid. The newly designed modulation method utilizes and controls
the turn-ON/OFF angle (TOA) of an SRG, so as to modulate the
voltage ripples to convey information to the receiving end. An
innovated demodulation method is also devised in this article, using
maximum entropy spectrum estimation (MESE) method, for the
purpose of acquiring useful signals from the sending end. Vigorous
experimentation is conducted, which verify the functionality of the
proposed TOA-MESE modulation–demodulation method for data
transmission between SRG and other converter-based installations.

Index Terms—Maximum entropy spectrum estimation
(MESE), power and data composite modulation, power-line
data transmission, switched reluctance generator (SRG).

I. INTRODUCTION

SWITCHED reluctance generators (SRGs) have been
deemed as a promising electricity generation apparatus to

be deployed in modern renewable-energy-integrated distributed
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power grids, due to its wide-ranging advantages such as struc-
tural simplicity, good heat dissipation, and high fault tolerance
[1]–[3]. For effective control and intelligent power supply, com-
munication is required between SRGs and other converter-based
generators or loads in the power grid. Generally speaking, data
transmission is realized through wired and wireless channels
[4], [5].

Conventionally, data are transmitted via dedicated commu-
nication channels, independently from the power transmission
lines, such as optical fiber and wireless networks [6], [7]. For
optical fiber communication, useful data can be transmitted
via independent cables with high reliability, anti-interference
ability and very low attenuation. However, the installation and
maintenance costs are inevitably high due to the strict require-
ment of modulation devices and transmission cables. With wire-
less communication, data can be transmitted without needing
physical connection and, hence, has the advantages of simple
implementation, high adaptation, and good scalability. However,
wireless communication is subjected to signal interference and
shielding due to the use of open frequency band [8]. Also,
wireless data transmission distance is evidently restricted due
to possible signal attenuation in the air.

Power-line communication (PLC) was first proposed in [9]
to achieve synchronous power and data transmission through ac
power lines [9]. Since data can be transmitted by the physical
power line without needing any extra communication lines, PLC
has a low cost, high reliability, nd easy installation and, thus, has
been used in many industrial applications [10], [11].

In recent years, PLC technology has been extended from
ac to dc power networks [11], [12]. In [11], an intelligent
PV monitoring scheme was proposed by utilizing the dc bus
as the communication channel, where the monitoring data are
modulated into high-frequency voltage ripples and transmitted
together with electricity. However, a parallel resonant coupling
circuit is required for injecting the data into the power line. It
has been pointed out that, by using the active switches inside
the dc power converters, data can be timely modulated and
transmitted through the power line without requiring extra mod-
ulation or data injection devices. In [13], the authors proposed
two methods, frequency shift keying and phase shift keying, to
realize power and signal composite modulation and synchronous
transmission. In [14], in order to improve the operation reliability
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of dc microgrids, a power and data synchronous transmission
(PDST) strategy was proposed by modulating the switching
frequency of the dc converter to inject data into specific volt-
age ripples. Using the proposed communication strategy, all
microgrid components can share the power flow information
transmitted on the same dc bus. A new pulsewidth modulation
(PWM) strategy using direct sequence spread spectrum was
presented in [15], which is able to reduce output voltage har-
monics and realize PLC. The proposed signal modulation and
demodulation strategies were experimentally implemented in
both Buck and Boost converters. An improved power and signal
composite modulation method by using a phase-shift full-bridge
converter was designed in [16], without extra communication
infrastructure and signal injection devices.

Nevertheless, up to now, there has been no documented work
that attempts to apply PDST to SRG-incorporated distributed
generation systems. It can be postulated that the introduction
of a PDST communication method will enable the SRG-based
microgrid system to bear advantageous features like other
converter-based microgrids discussed above. However, the spe-
cial structure and working principle of SRG require innovative
designs of PLC methodologies.

In this article, to achieve SRG PLC, a new set of modula-
tion and demodulation approach is proposed, where modula-
tion is achieved by regulating the turn-ON/OFF angles (TOA)
of the SRG, which injects the desired signal into the volt-
age ripple, whereas the demodulation is realized by inno-
vatively adopting the maximum entropy spectrum estimation
(MESE) method. We brand this strategy as the TOA-MESE
modulation–demodulation method, which is designed for dc
power-line data transmission. Experimentations are conducted,
which validate the functionality and feasibility of the proposed
TOA-MESE-based dc power-line data transmission approach
for SGR-integrated distributed grids.

The rest of this article is organized as follows. The SRG-based
dc microgrid of Internet is described in Section II. Output voltage
ripples of SRG are analyzed in Section III. The proposed modu-
lation and demodulation methods are interpreted in Section IV.
Experimentation are conducted and discussed in Section V.
Finally, Section VI concludes this article.

II. SRG-BASED DC MICROGRID

A dc microgrid with a SRG-based wind turbine (WT) power
generator is depicted in Fig. 1, where the generated power from
SRG-WT is delivered to an energy storage system and dc load
via a dc bus. The output voltage of SRG can be stabilized to
a known reference voltage by adjusting the duty cycle of the
PWM signal applied to the power converters.

Due to the unique double-salient structure, the phase winding
inductance of SRG possesses high nonlinearity, making exact
modeling impractical. The flux linkage curves in terms of current
and rotor position are drawn in Fig. 2 by using the experimentally
sampled data of a four-phase 8/6 SRG. It can be seen that the
flux linkage of SRG possesses high nonlinearity, which can
be enlarged by increasing phase current with the same rotor
position. Different from switched reluctance motor, turn-ON

Fig. 1. SRG-based distributed generation system.

Fig. 2. Flux linkage curves in terms of current and rotor position.

Fig. 3. SRG inductance inside one equivalent operation period.

angle and turn-OFF angles of SRG are restricted in inductance
ascending zone and inductance descending zone, respectively,
for effectively producing electrical energy. In order to simplify
the theoretical calculation, the winding inductance is approxi-
mated by linear piecewise function in terms of rotor position,
as shown in the following equation, based on which the phase
inductance curve inside one period can be drawn, as shown in
Fig. 3; this curve can be divided into five regions, i.e., θ1→θ2
(zone 1), θ2→θ3 (zone 2), θ3→θ4 (zone 3), θ4→θ5 (zone 4),
and θ5→(2θoff -θon) (zone 5):

L(θ) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Lmin θ1 ≤ θ ≤ θ2

Lmin + k(θ − θ2) θ2 ≤ θ ≤ θ3

Lmax θ3 ≤ θ ≤ θ4

Lmax − k(θ − θ4) θ4 ≤ θ ≤ θ5

(1)

where k = (Lmax – Lmin)/(θ3 – θ2).
In zone 1 and zone 5, the poles of stator and rotor are not

overlapped and the inductance is at the minimum value Lmin. In
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Fig. 4. SRG system with proposed modulation-demodulation strategy.

zone 2, the inductance increases due to the increment of over-
lapping area of stator and rotor poles. In zone 3, the inductance
reaches its maximum value Lmax due to the complete overlap
between the rotor and stator poles. In zone 4, the inductance
decreases as the overlapping area of stator and rotor poles
reduces. In addition to rotor position, the phase inductance is
also decided by the excitation current. The purple line in Fig. 2
shows the phase current of SRG in terms of rotor positions during
power generation. This curve emerges at a turn-ON angle θon and
completes at position of 2θoff – θon.

In this article, a four-phase 8/6 SRG connected to a boost
converter is employed to incorporate the proposed PLC method.
The power converter of SRG is built by an asymmetric half-
bridge (AHB) structure circuit, the most widely adopted power
converter for the SRG system [17], [18], which is shown in Fig. 4.

To facilitate the implementation of the proposed PLC method,
an external excitation mechanism, instead of self-excitation
scheme, is chosen in this article for SRG, as external excitation
ensures that the excitation voltage and SRG output voltage are
independent from each other, which simplifies control design.

As shown in Fig. 4, output voltage and power of SRG can
be regulated by tuning the control signals applied to the eight
switches of an AHB converter. Also, the source data are mod-
ulated using the proposed TOA-based modulation method and
implanted into voltage ripples by simultaneously regulating the
control signals applied to the two switches of each bridge arm
(e.g., S1 and S2). The sampled rotor position is inputted into
the conduction angle calculator (CAC) to generate the required
control signals. The output voltage level of the CAC is high as
the rotor position θ satisfies the condition of θon < θ < θoff;
otherwise, the zero voltage level is accordingly produced to turn
OFF the switches. Sampled and filtered voltage ripples containing
the data are then transmitted via the dc bus to the load boost

Fig. 5. Output voltage and current in terms of turn-ON and turn-OFF angles.
(a) Different turn-ON angles. (b) Different turn-OFF angles.

converter, where low-pass and high-pass filters are employed to
eliminate the noises. Voltage ripples are demodulated using the
proposed MESE-based demodulation method to acquire useful
information.

III. ANALYSIS OF SRG OUTPUT VOLTAGE RIPPLES

As stated in Section II, voltage ripples are utilized to carry the
modulated data. Hence, it is of great importance to investigate
the output voltage ripples of the SRG converter.

A. Power Modulation Strategy of SRG

In order to achieve the required output performance of SRG, it
is necessary to modulate the control signals applied to converter
switches. There are three widely used modulation methods,
namely, current chopping control and PWM, angle position
control (APC). Among all these methods, APC is adopted in
this article due to the fact that the APC method allows the
output voltage of SRG to be regulated by the TOA of the two
switches of each bridge arm (e.g., S1 and S2), which is suitable
for the purpose of this article. Detailed comparisons of these
modulation methods are documented in [19].

With constant external excitation voltage, the switches of each
bridge are only turned ON and OFF once within a commutation
period when no data are transmitted, and the waveform of the
phase current is determined by the angles of θon and θoff, which
are located inside zones 2 and 4 in Fig. 3. As shown in Fig. 5(a),
with a given constant θoff, the amplitude of the phase current
can be altered by changing θon; hence, the output voltage Vg
could be lessened by the decrement of θon. Likewise, with a
constant θon, the amplitude of the phase current can be adjusted
by altering the value of θoff, as shown in Fig. 5(b). Hence, the
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turn-ON angle θon and turn-OFF angle θoff can be employed to
regulate the output voltage or power.

B. Output Voltage of SRG

The operation process of SRG during a commutation period
includes two stages, namely the excitation stage and freewheel-
ing stage. During the excitation stage, the input mechanical
and excitation power are converted to electromagnetic energy
stored in the stator windings. During the freewheeling stage, the
electromagnetic energy stored in SRG windings is released to
the dc bus via the power converter.

At the excitation stage (θon ≤ θ ≤ θoff), we have

Vdc = ir − e = ir +
dψ

dt
(2)

where r is the resistance of phase winding, Vdc is the excitation
voltage, i is the phase current, e is the induced electromotive
force (EMF), and ψ is the winding flux.

At the freewheeling stage (θoff ≤ θ ≤ 2θoff – θon), it can be
obtained that

Vdc = −ir + e = −ir − dψ

dt
. (3)

Combining (2) and (3), we have

±Vdc = ir + e = ir +
dψ

dt
. (4)

Note that, phase voltage ir is relatively small as compared
to dψ/dt and, hence, can be ignored [20]. Since ψ = Li, the
abovementioned equation can be rewritten as

±Vdc = L
di

dt
+ i

dL

dθ
ωr (5)

where ωr is the angular velocity, and the second term on the
right-hand side of the equation is the phase winding back-EMF.

In order to avoid unexpected effects of the freewheeling
current on the operation in the next commutation period, the
turn-ON angle θon is located inside zone 2 and the turn-OFF angle
θoff is configured inside zone 4.

Phase current i(θ) can be calculated as the rotor rotates across
different angle intervals, which is discussed below.

1) θon ≤ θ ≤ θ3: In this interval, the phase inductance
increases with the increment of rotor position θ. Assuming that
the initial value of the phase current is i(θon) = 0, i(θ) can be
expressed as

i(θ) =
Vdc
ωrk

(

1− k (θon − θ2) + Lmin

k (θ − θ2) + Lmin

)

. (6)

Note that, θon ≥ θ2 and θ ≥ θ2, Vdc, ωr, and k are positive.
Hence, it can be deduced that the phase current can be increased
by increasing rotor position θ. Take phase A as an example. In
order to simplify the analysis, we assume that phase A ends
excitation at the position where phase D finishes freewheeling,
and phase B starts excitation at position θ5 of phase. In the
interval of θon ≤ θ≤ θ3, phase A operates in the excitation stage
while phase D remains in the freewheeling stage. The current
flowing inside the AHB converter inside this interval is shown

Fig. 6. Current path inside the interval of θon≤ θ ≤ θ3.

Fig. 7. Current path inside the interval of θoff ≤ θ ≤ θ5.

in Fig. 6, where red and blue curves correspond to excitation
and freewheeling, respectively.

2) θ3 ≤ θ ≤ θ4: The phase inductance L = Lmax during this
interval. Based on (5), the phase current can be calculated by

i(θ) =
Vdc

ωrLmax
(θ − θon). (7)

Phase current can be increased at a relatively high rate, and
the input mechanical energy and excitation energy are both
converted into the magnetic energy stored in the phase windings,
and clearly the phase current is linearly proportional to rotor
position θ. Phase D finishes freewheeling and phase A operates
in the stage of excitation with the same current path, as shown
in Fig. 6.

3) θ4≤ θ≤ θoff: The phase inductance reduces by increasing
the angle θ according to L = Lmax – k(θ – θ4). The phase current
i(θ) can be calculated by

i(θ) =
Vdc(θ − θon)

ωr[Lmax − k(θ − θ4)]
. (8)

Phases D, B, and C are waiting for activation without current
passing through, and phase A still operates in the stage of
excitation with the same current path, as shown in Fig. 6.

4) θoff ≤ θ ≤ θ5: Inside this interval, we have L = Lmax –
k(θ – θoff), and two switches of phase A are OFF. The phase
current flows through the freewheeling diodes to the dc bus. The
winding voltage is denoted as Vg and the phase current can be
obtained by

i(θ) =
Vg(2θoff − θ − θon)

ωr[Lmax − k(θ − θ4)]
. (9)

The dc bus is powered by phase A and no current passes
through phases D, B, and C. The current path inside the AHB
converter is shown in Fig. 7.

5) θ5 ≤ θ ≤ 2θoff – θon: Beyond the interval [θ1, θ5], a
narrow region can be found where the freewheeling current is
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Fig. 8. Current path inside the interval of θ5 ≤ θ ≤ 2θoff – θon.

nonzero even when the next phase winding starts to be excited.
Inside this region, the phase current i(θ) can be calculated by

i(θ) =
Vg(2θoff − θ − θon)

ωrLmin
. (10)

The abovementioned equation reflects that the phase current
can be gradually reduced until θ = 2θoff – θon. This is the last
interval of the operation process of phase A. The excitation of
phase B will start in this interval and the current paths inside the
AHB converter are shown in Fig. 8.

Equations (6)–(10) demonstrate five operation stages of one
phase in SRG. The first three stages are related to the excitation
operation, while the rest two stages, corresponding to (9) and
(10), represent the power conversion from the phase winding
to the dc bus. The four phases are excited by turns, and one
commutation period lasts from θ = 0° to 60°. The relationship
between the output phase current and the rotor position θ for
phase A can be expressed as

i(θA) =
Vg [2θoff − F (θA, θp)− θon]

ωrL [F (θA, θp)]
(11)

where θp = 60◦ for the 8/6 four-phase SRG, and F (θA, θp)
is the remainder function, and apparently θoff ≤ F (θA, θp)
≤ θp.

In terms of the last two intervals described by (9) and (10),
the current of phase A can be obtained by

i(θA)=

⎧
⎨

⎩

Vg(2θoff−F (θA,θp)−θon)
ωr[Lmax−k(F (θA,θp)−θ4)]

θoff ≤ F (θA, θp) ≤ θ5

Vg(2θoff−F (θA,θp)−θon)
ωrLmin

θ5 ≤ F (θA, θp) ≤ θp.

(12)
Assuming that the four phases of SRG are symmetric with

identical parameters, and the current of phases B, C, and D can
then be expressed as

i(θB) = i(θA + θq)

i(θC) = i(θB + θq)

i(θD) = i(θC + θq) (13)

where θq is the angular difference between two adjacent phases.
With regards to the 8/6 four-phase SRG, the output current is

the summation of the currents of all the active phases. Hence,
the current injected to the dc bus can be calculated as

Ig = i(θA) + i(θB) + i(θC) + i(θD) (14)

where Ig is the output current of the SRG system.

Fig. 9. Output current waveform.

Normally, two adjacent phases of the SRG can be syn-
chronously activated to realize power conversion. The phase
current Iph can be divided into three different stages α, β,
and γ, as shown in Fig. 9, where the output current Ig is also
presented.

For stage α within θoff∼θ5, the output current is in fact the
summation of the currents of phases D and A. Symmetrically,
the output current of stage γ is the summation of the currents of
phases A and B. It can be easily observed that the output current
waveforms are periodicity and the period is the summation of
two stages α and β. Inside one period, as shown in Fig. 9, the
output current Ig can be written as

Ig =

{
i(θA) + i(θD) α stage

i(θA) β stage.
(15)

Based on (12), the bus current can be rewritten as

Ig =

⎧
⎨

⎩

Vgθk(LθA
−LθD

−(θA+θD)(LθA
+LθD

))

ωrLθA
LθD

α Stage

Vg(θk−θA)
ωrLθA

β Stage
(16)

where θk = 2θoff – θon, the relation between the output current
and output voltage can be described as

Ig = Co
dVg
dt

+
PL

Ug
(17)

where PL is active power consumption by the load. Assuming
the voltage gain of the load converter is G and the output voltage
is constant, (17) can be rewritten as

Ig = Co
dVg
dt

+
G2Vg
R

(18)

where R is the load resistance. Equation (18) reflects that the
output voltage is determined by the output current.

C. Analysis of Output Voltage Ripples

The output voltage ripples can be analyzed from charging and
discharging operations of the output capacitor Co. By denoting
iload as the output current, we have

iload =
PL

Vg
. (19)
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Fig. 10. Ripple analysis of output voltage.

AssumingPL andVg remain unchanged, iload can be assumed
as a constant for simplifying analysis.

As phase A is operated in the stage of power generation,
the output current Ig is greater than the load current iload, and
the output capacitorCo is being charged, leading to an increasing
output voltage Vg. As the rotor position angle θ increases, output
current Ig gradually decreases, and Co remains charging until
Ig is reduced to iload. At the moment of Ig = iload, the output
voltage Vg can reach its maximum value. When i(θ) reduces to
smaller than iload,Co discharges and Vg gradually decreases. Vg
will reach its minimum value when activating the next adjacent
phase. The phase current, the output current, and the output
voltage Vg are shown in Fig. 10.

Note that, the turn-OFF angle θoff is also the initial position
of power generation of phase A. In addition, θmax shows the
position corresponding to Ig = iload and the maximum value of
Vg . Therefore, the amplitude of output voltage ripple ΔVg can
be calculated based on the voltage values corresponding to θoff
and θmax.

Load current iload can be approximately calculated based on
(16) when Ig = iload, which is calculated as follows:

iload = Ig

=

⎧
⎨

⎩

Vgθk(LθA
−LθD

−(θA+θD)(LθA
+LθD

))

ωrLθA
LθD

θmax ≤ θ5
Vg(θk−θA)

ωrLθA
θmax > θ5

(20)

which can be solved by

θmax =

⎧
⎨

⎩

θq
2 −

iloadωrLθA
LθD

Vgθk
−LθA

+LθD

2(LθA
+LθD

) θmax ≤ θ5

θk − iloadωrLθA

Vg
θmax > θ5.

(21)
Given that, the rotational speed ωr and the rotor position

angle θ satisfy the condition θ = ωrt, (18) can be written as

dVg
dθ

=
1

Coωr

(

Ig − G2Vg
R

)

. (22)

Since the output voltage reaches the minimum and maximum
values at θoff and θmax, respectively, the output voltage ripple

TABLE I
DIFFERENT SEQUENCES OF PDST MODULATION (MODULATING θoff)

ΔVg can be expressed as

ΔVg1 =

∫ θoff+θq

θmax

1

Coωr

(

Ig − G2Vg
R

)

dθ. (23)

If θmax > θ5, according to (21) and (16), we have θmax =
θk − (iloadωrLθa) and Ig = Vg(θk − θ)/(ωrLθa). Hence, (23)
can be rewritten as

ΔVg1
Vg

=

∫ θoff+θq

θmax

1

Coωr

(
2θoff − θon − θ

ωrLθ
− G2

R

)

dθ. (24)

It can be observed from (24) that the fluctuation amplitude of
Vg can be increased by raising the turn-OFF angle θoff.

IV. PROPOSED MODULATION AND

DEMODULATION STRATEGIES

A. TOA-Based Modulation Strategies

As presented in Section III, the output voltage of SRG can
theoretically be modulated by altering the turn-ON angle θon
and the turn-OFF angle θoff. Generally speaking, reducing the
turn-ON angle θon could cause large current at the beginning of
the power generation stage, and increasing the turn-OFF angle
θoff can enlarge the excitation time of SRG system as well
as output voltage. Four sequences are presented in Table I for
regulating the turn-OFF angle θoff, which can be used to achieve
PDST modulation. In sequence 1, for example, the turn-OFF

angles of the four phases are alternately changed with the order
of θoff1→θoff2→θoff1→θoff2→θoff1, while θon is constant and
θon = θm. In sequence 2, the phases of A and B are regulated by
θoff1 and the phases of C and D are controlled by the turn-OFF

angle θoff2. Hence, the variation order of the turn-OFF angle ap-
pears periodically as θoff1→θoff1→θoff2→θoff2→θoff1→θoff1.
With regards to sequence 3, every three adjacent phases are
periodically controlled by the same turn-OFF angles, θoff1 and
θoff2, while the turn-ON angle is unchanged. Similarly, every four
adjacent phases are periodically regulated by the same turn-OFF

angles, θoff1 and θoff2, as listed in the last row of Table I. By
regulating the turn-ON angles with constant turn-OFF angles,
another four sequences of the PDST method can be obtained,
as listed in Table II. It can be deduced from Tables I and II that
the frequency of the voltage ripples related to each modulation
sequence is different and higher harmonic frequencies can be
obtained in sequence 1 since the turn-OFF or turn-ON angles is
periodically altered by every commutation period.

In order to explain the data modulation strategy, se-
quence 1 and sequence 2 are adopted for realizing PDST.
As shown in Fig. 11(a) and (b), sequence 1 is adopted
when data “1” are transmitted, and sequence 2 is adopted
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TABLE II
DIFFERENT SEQUENCES OF PDST MODULATION (MODULATING θon)

Fig. 11. Output voltage with data transmission.

Fig. 12. Ripple analysis of output voltage.

when transmitting data “0.” In case of no data trans-
mission, the turn-OFF angle θoff is configured to θoff0. In order to
minimize the impact of signal transmission on the power gener-
ation, the turn-OFF angles of θoff0, θoff1, and θoff2 should satisfy
the condition of θoff2 – θoff0 = θoff0 – θoff1. The waveforms of
the output voltage ripples with data transmission are shown in
Fig. 11(c).

The waveforms of phase current, bus current, and output
voltage are presented in Fig. 12. The harmonic component of
the output voltage ripples can be divided into three parts. The
first part is the voltage ripples generated by the commutation
operation of SRG, denoted asΔVg1, shown in Fig. 12(c), and the
other two are brought about by the shifting of turn-OFF angles for
the data transmission of “1” and “0.” As depicted in Fig. 12(c),
the voltage ripples related to data “1” and “0” are quite different,
which are labeled by ΔVg2 and ΔVg3. The voltage ripples with
the peak-to-peak value of ΔVg2 is brought about by regulat-
ing the phase turn-OFF angles with θoff1-θoff2-θoff1-θoff2-θoff1.
Generally speaking, ΔVg2 > ΔVg1, which is produced by the
turn-OFF angle of θoff0.

According to (23), the peak-to-peak voltage ΔVg2 can be
calculated by

ΔVg2 =

∫ θoff2+θq

θmax

1

Coωr

(

Ig − G2Vg
R

)

dθ. (25)

The calculation of ΔVg3 caused by the transmission of data
“0” possesses higher complexity, compared to the calculation of
ΔVg2. As shown in Fig. 12(c), the voltage ripples of transmitting
data “0” generally bear higher irregularity, and the peak-to-peak
value since two adjacent phases are configured by the same
turn-OFF angle. It can be deduced that the peak-to-peak value
of voltage ripples regulated by sequence 4 is greater than that
of sequence 3, sequence 2, and sequence 1, since four adjacent
phases are configured with the same turn-OFF angle. In addition,
to a considerable extent, the peak-to-peak value of the voltage
ripples is also determined by the difference between θoff2 and
θoff1, namely, θoff2 – θoff1 = Δθoff. The peak-to-peak value of
the voltage ripples can be enlarged by increasing Δθoff, which
needs to be restricted in order to achieve a high power quality.

The voltage ripple of transmitting data “0” is decided by the
phase commutation operation and the turn-OFF angle difference.
The peak-to-peak value of the voltage ripple caused by the
turn-OFF angle operation is denoted by ΔVd, which is presented
in Fig. 12(c). The value of ΔVg3 can be approximated by
summingΔVd andΔVg1. Assuming θs1 and θs2 are the turn-OFF

positions of the phases with turn-OFF angles θoff1 and θoff2, and
denoting Ig1 and Ig2 as the output bus currents sampled at the
positions of θs1 and θs2, the output voltage ripple ΔVg3 can be
expressed as

ΔVg3 = ΔVg1 + Vg(θoff = θoff2)− Vg(θoff = θoff1)

= ΔVg1 +
Ig2(2θoff2 − θs2 − θon)

ωrL(θs2)

− Ig1(2θoff1 − θs1 − θon)

ωrL(θs1)
. (26)

In order to simplify the calculation, the inductances at these
two positions are approximated to be equal since Δθoff is
relatively small, namely, L(θs1) = L(θs2) = L. Also, Ig1 and
Ig2 are also approximated to be equal and represented as Ig.
Therefore, (26) can be written as

ΔVg3 = ΔVg1 +
Ig(2Δθoff −Δθ)

ωrL(θ)
(27)

where Δθ = θs2 − θs1, which is a constant, and the variation of
voltage ripple ΔVg3 is decided by Δθoff. A larger Δθoff leads
to a larger voltage ripple.

B. MESE-Based Demodulation Method

The injected data in the voltage ripples can be demodulated by
extracting the harmonic frequency of the sampled bus voltage.
However, with regards to traditional FFT, in order to obtain
high resolution, high sampling frequency and suitable window
function are required, which increases the computational burden
within a short sampling time. Compared to FFT, the MESE
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method can achieve high estimation accuracy with a limited
number of data, especially fast sampled data and signals.

The principle of MESE is to approximate autocorrelated
sequences xm+1, xm+2 . . ., from the known data sequences
x1, x2, . . . , xm without extra assumptions.The entropy of the
data sequence can be calculated by

H(x) = E[xj ] =
m∑

j=1

xj lg
1

xj
. (28)

The term entropy is the average amount of the information
sent by the data source according to (28). When the time of
this process tends to be infinite, or m→�, another measure is
adopted as follows:

H(s(f)) =
1

4fN

∫ fN

−fN

lg(s(f))df (29)

where [–fN , fN ] is the frequency range and s(f) is the power
spectrum.

In order to find the maximum value, the Lagrange multiplier
method is employed, i.e., the result can be obtained by

∂

∂S(f)

{
1

4fN

∫ fN

−fN

lg(s(f))df +

p∑

m=−p

λm(R(m))

− 1

4fN

∫ fN

−fN

s(f)exp(j2πfkΔt)df

}

= 0 (30)

where R(m) is the data sequence, m = 0, ±1, ±2, …, ±p, and
λm is the coefficient in the Lagrange multiplier method.

Solving (30) yields

1

s(f)
=

p∑

m=−p

λm exp(j2πfmΔt). (31)

The right-hand side of (31) can also be rewritten as
p∑

m=−p

λmz
m = G(z)G∗(

1

z∗
) (32)

where z= exp (j2πfmΔt), andG(z) =
∑p

k= 0bkz
−k, k= 0,±1,

±2, …, ±p. Normalizing G(z), we can have

G(z)G∗( 1
zk )

g(0)g∗(0)
= A(z)A(

1

z∗
) (33)

where 1/(g(0)g∗(0)) = PM/(2fN ), and PM is output power
of an M-order prediction error filter. g(0) is the initial value
of inverse transformation of z of G(z), and A(z) is the system
function.

Given that A(z) = 1 +
∑p

k= 1akz
−k, the maximum entropy

power spectrum can be written as

S(f) =
PM

2fN

∣
∣
∣1 +

∑M
k=1 ak exp(−j2πfkΔt)

∣
∣
∣
2 . (34)

The MESE-based data demodulation process is shown in
Fig. 13. When no data are being transmitted, the output voltage
Vg contains only the voltage ripple of phase commutation; when
the data “1” is transmitted, extra voltage ripple ΔVg2 is injected

Fig. 13. Demodulation process of output voltage.

into the output voltage Vg , and when data “0” is being transmit-
ted, the voltage ripple with the peak-to-peak value of ΔVg3 can
be detected. The calculated entropy can be divided into two parts,
namely Et1 and Et2, which can demodulate data “1” and data
“0,” respectively, as shown in Fig. 13(c). Considering possible
sampling errors and signal attenuation during transmission, the
MESE values Et1 and Et2 are supposed to be identifiable with
adequate magnitudes for the demodulation operation. Hence,
demodulation threshold Xth1 is introduced; namely, only voltage
ripples with estimation values (Et1 and Et2) greater than Xth1

are deemed to be effective for signal demodulation. Based on the
given value of Xth1, the minimum required ripple amplitudes for
transmitting data “1” and “0” can be obtained by backstepping
calculation of (28)–(34). In order to continuously obtain the
transmitted data, the difference between Et1 and Et2, namely
Et = Et1 – Et2, is taken for demodulating the data, as shown in
Fig. 13(d). Then the calculated entropy difference Et is compared
with the preset threshold Xth2, and an appropriate threshold can
be chosen to avoid demodulation failure. When Et is greater than
the threshold Xth2, data “1” is confirmed; on the other hand,
when Et is less than Xth2, data “0” is received. As shown in
Fig. 13(e), due to the time Ts required for sampling operation
and MESE calculation, time delay Tdelay between the source
data and the demodulated data is observed.

It is noteworthy that although the demodulation method can
be applied to several of PLC scenarios, the modulation method is
specifically designed for the SRG based on its unique operation
characteristics. It is a common practice in PLC research and in-
dustry to design a dedicated modulation method for a particular
type of an inverter-interfaced generator.

V. EXPERIMENTAL VERIFICATION AND DISCUSSIONS

A. Experimentation

In order to validate the feasibility of the proposed TOA-
MESE-based PDST strategy, experimentation of the SRG sys-
tem is carried out. Useful parameters of the SRG system are
listed in Table III. The experimental platform is built by using
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TABLE III
PARAMETERS OF THE SRG SYSTEM

Fig. 14. Experimental setup.

DSP TMS320-F28335, four-phase AHB power converter, SR
machine, and a servo motor as an emulator for the WT, as
shown in Fig. 14. Microgrids with 48-V dc buses have been
investigated and applied for many years [21]–[24]. In this article,
the SRG-integrated microgrid configured with 48-V dc buses is
adopted for validating the proposed TOA-MESE modulation–
demodulation method.

The SRG is driven by the servo motor at a speed of 1200 r/min,
and the excitation voltage Vdc is 48 V. The upper and lower
switching tubes are normally turned ON when the corresponding
phase is excited. When no data are sent, the turn-OFF angle θoff0 is
configured to 48°; When data “1” and “0” are being transmitted,
the turn-OFF angle θoff is switched between 47° and 49° with the
frequency of 240 Hz and 120 Hz, respectively. The frequency
of the commutation ripple fc is 480 Hz, which is determined
by the speed of 8/6 four-phase SRG. In order to ensure a good
performance of demodulation, the A/D sampling frequency fsmp

is selected to be 12 kHz, and the time width of data sampling Ts
for MESE calculation is the four times that of one commutation
ripple period.

Fig. 15. Sampled voltage and current waveforms of SRG.

Fig. 16. Output voltage ripples for sending data.

At the receiving end, the voltage ripples on the dc bus are
sampled by voltage sensors and converted to low-voltage signals
for demodulation. A high-pass filter is employed to remove
the dc component of the voltage ripple. The ac component of
output voltage Vg with and without data transmission operation
(VgAC and VgAC0) of the SRG system is shown in Fig. 15. It can
be seen that voltage ripples on dc bus emerge with a constant
frequency of 480 Hz and amplitude of 0.34 V as no data are
transmitted, and the voltage ripple amplitude increases to 0.47 V
by introducing the proposed TOA modulation method. The
voltage ripple VgAC and output current Ig are shown in Fig. 16
along with the modulated data. It can be also measured that extra
voltage harmonics are generated during the data transmission,
where the peak-to-peak value of voltage ripple ΔVg2 is 0.56 V
when data “1” is transmitted, which is 0.479% of the output dc
voltage. When data “0” is transmitted, the peak-to-peak value of
voltage rippleΔVg3 goes to 0.94 V, 0.979% of the output voltage.
However, the influence of ΔVg2 and ΔVg3 on the overall power
generation system is negligible since the signal transmission
time is very short, compared to the whole operation process
of power generation. In addition, although voltage ripples are
required, the communication capability is empowered to the
SRG system by the proposed strategy, which is critical for
improving the overall operation performance of SRG.

Using the proposed MESE-based demodulation method, en-
tropies Et1 and Et2 as well as the entropy difference Et are
obtained and shown in Fig. 17. Threshold Xth is set to be 0 dB,
as shown in the dashed line. The entropy difference Et is used to
demodulate data “0” and “1,” respectively, as shown in Fig. 17.

The upper and lower waveforms shown in Fig. 18 are the
modulated data sent by SRG and the data demodulated by the
MESE method, respectively. Data “1” and “0” are alternately
sent with 16.7 ms time duration. Time delay Tdelay between the
modulated data and demodulated data can be observed, which is
measured to be about 4.2 ms. This demodulation delay Tdelay is
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Fig. 17. Demodulation waveforms of output voltage.

Fig. 18. Waveform of sent data and the received data.

Fig. 19. Experimental waveforms of different driving speeds. (a) 1000 r/min.
(b) 1400 r/min.

attributed to the operation of data sampling, MESE calculation,
and other processing time required by the DSP. However, it can
be observed that the time delay Tdelay is much smaller than the
duration of the useful signal, which guarantees demodulation
effectiveness and that there is no mission data.

In order to further validate the proposed TOA-MESE
modulation–demodulation method with different wind speeds,
the experimental results of 1000 and 1400 r/min rotating speeds
are presented in Fig. 19. It can be seen that the entropy difference
Et can be successfully calculated based on the sampled voltage

Fig. 20. Demodulation at different load conditions. Interval 1:330 W; Interval
2:560 W; Interval 3: 260 W.

Fig. 21 Amplitudes of output voltage ripples in frequency spectrum.
(a) Without data transmission. (b) With data transmission.

ripples, which indicates that the data can be also modulated
and demodulated by the proposed TOA-MESE strategy. These
sampled voltage ripples also evidently show that the amplitude
of voltage ripples for carrying data are reduced by increas-
ing the driving speed of SRG. Hence, the variation value of
the turn-OFF angle can be adjusted accordingly to maintain
proper amplitude of the voltage ripples to ensure good power
quality.

In order to validate the feasibility of the proposed TOA-
MESE modulation–demodulation strategy under different load
conditions, the load connected to the SRG varies from 330 to
560 W, and then from 560 to 260 W. As shown in Fig. 20,
the output voltage can be regulated to its reference via short
transient intervals as the output power varies. It can be observed
that the voltage ripples corresponding to different output power
values are almost the same, and the transmitted data can be
timely demodulated even at transient stages of output voltage
caused by load variation. This result reveals that the proposed
TOA-MESE modulation–demodulation strategy is independent
of output power variation.

The frequency spectrum of output voltage ripples with and
without data transmission are presented in Fig. 21 for com-
parison. With regards to the case without TOA modulation, as
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TABLE IV
COMPARISON OF PROPOSED STRATEGY WITH EXISTING METHODS

Remarks: MESE—maximum entropy spectrum estimation; PSFB—phase shift full-bridge; DAB—dual active bridge.

shown in Fig. 21(a), it can be measured that the amplitudes of
harmonics at 480, 960, 1440, and 1920 Hz are 0.235, 0.072,
0.039, and 0.028 V, respectively, which are induced by inherent
phase commutations of the SRG. The frequency spectrum is
evidently altered by the proposed TOA modulation, as shown in
Fig. 21(b). The harmonics at 60, 120, 180, 240, 300, and 360 Hz
can now be observed with amplitudes of 0.193, 0.176, 0.162,
0.117, 0.068, and 0.029 V, respectively, where harmonic ripples
of 120 and 240 Hz are purposefully generated for carrying the
transmitted data. The harmonic amplitude of 480 Hz induced by
phase commutation is attenuated to 0.056 V. This reveals that the
maximum amplitude of harmonic ripples with TOA modulation
is only 0.402% of the dc bus voltage, and thus, the electromag-
netic interference induced by the proposed TOA modulation
is small.

In dc microgrid, noises and voltage ripples of different fre-
quencies could be brought about by converters connected to the
dc-link. In the proposed PLC strategy, the data are modulated
into voltage ripples with a specific frequency. Generally, the
voltage ripples generated by SRG possesses a much lower
frequency than other power converters. Also, the proposed
MESE demodulation strategy is capable to extract signals with
any specific frequency. Hence, the proposed PLC strategy can
still work even though there are noises and voltage ripples on
the dc bus.

When multiple SRGs are connected to the same single dc bus,
the proposed PLC strategy can also be employed by appropri-
ately configuring the voltage ripples (signal carrier) modulated
by each SRG with a unique frequency. For demonstrative pur-
pose, we only conducted experiments on one SRG connected in
a dc microgrid. Multiple SRGs can be realized by repeating the
same procedure, yet with a different frequency.

B. Discussions

Referring to the theoretical calculation and the experimental
test, it can be summarized that as compared with other PLC
strategies used in dc power systems, the proposed strategy has
the following advantages.

1) With regards to the traditional PLC strategies, where the
signals are modulated by dedicated modulation device,
power amplifier and signal injection devices are required

for signal transmission on dc bus, such as the strategy
discussed in [11]. For the proposed strategy in this article,
the signals are compositely modulated together with the
electric power by existing power switches without needing
extra devices and, hence, could lead to lower cost and
volume.

2) The reported power and signal composite modulation
strategies are executed on dc/dc converters with relatively
high power switching frequencies, as listed in Table IV
below (see [11], [13]–[16]), where most of the switching
frequencies are greater than 50 kHz. Serious mutual inter-
ferences may happen when the signal carriers with similar
frequencies are simultaneously transmitted on the same dc
bus. The newly proposed modulation strategy for achiev-
ing PLC is specifically designed for SRG-integrated dc
microgrid. Since the switching frequency of SRG is much
lower than dc/dc converters, the low-frequency band of the
communication channel can be utilized for transmitting
signals (frequency division multiplexing), and hence, the
bandwidth efficiency can be increased, which is greatly
useful for a microgrid system.

3) An innovated demodulation method is devised by using
the MESE method in this article, for the purpose of ac-
quiring useful signals at the receiving end. With regards
to traditional FFT, in order to obtain a high resolution,
high sampling frequency and suitable window function
are required, which increases the computational burden
within a short sampling timeframe. Compared to FFT,
the MESE method can achieve high estimation accu-
racy with a limited number of fast-sampled data and
signals.

However, there are also two main limitations of the proposed
modulation and demodulation strategy, which generally include
the following.

1) The proposed modulation strategy can only be used for
the SRG converter since the turn-OFF angle is employed
for bringing out carrier voltage.

2) In order to guarantee the power quality, the amplitude
of voltage ripples produced by power switches for signal
modulation is restricted, and hence, the signal transmis-
sion distance is also limited.
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3) Voltage ripples are indispensable for achieving signal
transmission via dc bus, and hence, the proposed strategy
cannot be used for microgrid systems requiring ripple-free
dc-link configuration.

The comparison of proposed strategy with existing methods
is listed in Table IV.

Note that, the transmission performance is greatly affected
by the impedance of the transmission line. The communication
medium is highly sensitive to high frequencies due to mis-
matching effects from discontinuities and unmatched loads. A
highly frequency-dependent behavior is also shown by the line
impedance, i.e., the impedance at the transmitter port or at the
receiving port [25].

In fact, the access impedance of the power-line channel is
time variant, which is the main cause of impedance mismatch
between the access and output impedances of the PLC system,
and impedance mismatch will degrade the signal-to-noise power
ratio at the communication receiver and, thus, affects transmis-
sion distance and reliability [26], [27]. Many strategies have
been proposed to resolve the impedance mismatch problem in
order to improve the communication-signal transfer from the
sending to the receiving side [28]. Due to the complexity of
the microgrid system, extensive research effort is required to
deal with the impedance mismatch issues. In this article, our re-
search effort only concentrates on the TOA-MESE modulation–
demodulation approach to dc power-line data transmission in-
stead of resolving the impedance mismatch problem.

VI. CONCLUSION

In this article, we have proposed a new dc power-line
data transmission strategy with a newly designed TOA-MESE
modulation–demodulation method for SRG-based microgrids,
which utilizes the advantageous features of APC in SRG to
realize TOA-based modulation and also MESE for demodula-
tion. The proposed TOA-MESE method does not require any
extra apparatus to achieve PDST in the power grid, posing great
economic and constructional benefits with proven feasibility in
the experimentation. This strategy also bears high accuracy and
low computational burden via using the advanced MESE method
for demodulation. The proposed TOA-MESE power-line data
transmission method will have wide applicability in emerging
SRG-integrated microgrids with renewable energy sources, with
a particular practicality for low-speed communication scenarios
such as ramping-up and shutting-down generators, resetting, and
alarming.
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