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Abstract—The more electric aircraft (MEA) concept has
been identified as the major trend of future aircraft. The DC
distribution network is a promising architecture for more-
electric aircraft application, where multiple electrical sources
are connected to a common HVDC bus. The power sharing of
these sources is achieved using the droop control method.
However, the conventional droop control method has a
limitation in achieving accurate load sharing and voltage
regulation due to the influence of the cable resistance and
nominal voltage reference offset. In this paper, a new method
that modifies the droop gain according to the average total cable
resistance for improved load sharing is proposed. The overall
cable resistance of the system can be estimated based on the
measurement of the total load current and knowledge of the
value of the DC bus voltage. Also, since the method can be
implemented locally without the need for a high-bandwidth
communication link, it will save cost and reduce the system
complexity. Based on the simulation results obtained, the
proposed method has demonstrated better performance when
compared to the conventional droop control method for the
MEA application for any desired sharing ratio.

1. INTRODUCTION

The transportation industry is moving towards more
electric or all-electric technology due to concerns that stem
from environmental pollution and the energy crisis [1]. Some
of such example in the transportation industry includes all-
electric hybrid vessels [2], hybrid electric vehicles (HEVs) [3]
and the more or all-electric aircraft [4]. Many functions which
are managed by the secondary power sources (hydraulic,
pneumatic and mechanical power) in conventional aircraft can
be replaced by electrical power due to the movement towards
the more electric aircraft (MEA). This is to improve fuel
efficiency, increase the availability and performance of the
aircraft, reduce the weight of the aircraft, and reduce the
overall cost of maintenance and operation [5]. Consequently,
the onboard installed electrical power increases significantly
and this results in high electrical power demand. Extracting
electric power from both engine shafts thus becomes
inevitable. As shown in Fig. 1, the high-pressure shaft and
low-pressure shaft within an aircraft engine are each driving a
generator and supplying power to a common HVDC bus
through an active rectifier.
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Fig. | MEA EPS with HVDC configuration

The choice of the high voltage DC (HVDC) system for the
MEA EPS architecture is due to its several advantages when
compared to the AC system. Some of these advantages include
higher efficiency, easier control since it does not require
synchronization among the generators and no need for
reactive power and frequency regulations. This will have a
huge impact on the improvement of the system’s stability,
reliability, power quality and controllability [6]. Also, the
parallel-connected converters in the MEA distribution EPS
are expected to work together in a coordinated manner to share
the load power demand in proportion to their respective power
ratings and regulate the DC bus voltage. This is important to
ensure that the generators are not overloaded, hence,
maintaining the distribution system reliability. The droop
control method is usually used for current/load sharing
between the sources.

Decentralized control makes use of local measurement to
carry out local regulation and this is realized entirely by local
controllers and does not require communication between
units, hence, improves system reliability, reduce cost and
system complexity. Droop control is favourably regarded as a
decentralized control method as there is no reliance on a
critical communication network. The conventional droop
control is achieved by linearly decreasing the DC output
voltage as the output current increases [7]. The conventional
droop control method has limitation in achieving accurate load
sharing and DC bus voltage regulation due to the influence of
the cable resistance and nominal voltage reference offset.

Generally, a higher droop gain helps to realize accurate
load sharing performance but leads to poor DC bus voltage
regulation under heavy load condition. On the other hand,
when the droop gain is chosen to be small, the DC bus voltage
regulation is enhanced while the load sharing accuracy is
degraded [8]. This results in a trade-off between output
voltage regulation and accurate load sharing in the low voltage
DC microgrid. Therefore, it can be said that the choice of the
droop gain plays a vital role in achieving accurate load
sharing. Over the years, different methods have been
employed to enhance the droop control method to realize
accurate load sharing and DC bus voltage regulation. Some of
the methods used can achieve accurate load sharing and/or DC
bus voltage restoration with the aid of a communication
channel [9]. However, this approach will increase the cost of
the system and complexity. Other researchers realized
improved load sharing by setting droop gain far greater than
the cable resistance (ks>>R;) to make the influence of cable
resistance on accurate current sharing negligible [10, 11] or
the cable resistance is completely ignored [12]. However, this
is only achievable in a small microgrid where the influence of
the cable resistance can be ignored and a relatively high droop
gain is set to achieve accurate current/load sharing. In low-
voltage DC microgrid applications such as the more electric



aircraft, the influence of the cable resistance cannot be ignored
[8, 9]. The line impedance in the low voltage DC microgrid is
predominantly resistive [13]. Moreover, a high droop gain will
lead to a high DC bus voltage deviation and this will
ultimately affect the power quality of the system.
Furthermore, the droop gain that can be set is constrained by
the maximum allowable voltage deviation of the DC bus
voltage and the converter’s full load current [8]. Also, some
of the methods proposed have practical limitations such as the
average loading method proposed in [14] and the line drop
compensator method in [8]. In [8], the authors proposed the
modification of the effective droop gain according to the
corresponding subsystem’s cable resistances using a
proportional controller. The gain of the proportional controller
is set equal to the value of the estimated corresponding
subsystem cable resistance. This will help to compensate for
the influence of the cable resistance on current sharing.
However, the realization of accurate load sharing is entirely
dependent on the knowledge (accurate measurement) of the
corresponding subsystem cable resistance. The estimation of
the line resistance is prone to errors due to the variation of the
line resistance with temperature (environmental condition)
[15]. Therefore, this approach has a practical limitation. Any
error in cable resistance estimation will result in a power
sharing error. Moreover, it is difficult in practice to know the
value of the corresponding subsystems cable resistance and
most of the methods used to estimate the cable resistance
require the use of many resources and are based on the
injection of disturbances to the system and this has the
potential of degrading the power quality of the system and
increase the cost.

In this paper, a new control method based on a
proportional controller which modifies the droop gain of each
subsystem according to the estimated average total cable
resistance is proposed to achieve improved load sharing in the
more electric aircraft EPS fed by PMSGs. This way the
influence of the cable resistance on accurate load sharing is
compensated. The method is simple and can be implemented
locally, hence, no need for a high-bandwidth communication
channel (safe cost and reduce system complexity).
Furthermore, it can be implemented practically as only the
measurement of the load current is required in the estimation
of the total cable resistance.

The rest of the paper is organized as follows. Section II
presents the analysis of the conventional droop control
method. The proposed average total cable resistance
compensation method is discussed in Section III including its
principle of operation and method of implementation. The
results of the simulation studies carried out to compare the
conventional and proposed droop control methods are
provided in Section IV. Section V concludes the paper.

II. ANALYSIS OF LOAD SHARING IN THE CONVENTIONAL
DROOP CONTROL METHOD

The active front end converters connected in parallel and
interfaced to the permanent magnet synchronous generators
(PMSGs) shown in Fig. 1 can be modelled as an ideal voltage
source (with the internal resistance ignored since it is less than
the droop resistance) under the droop control strategy. In this
paper, we are starting with the basic MEA system with two
sources. The multi-source system will be considered in the
future. The cable is modelled as resistance for steady-state
analysis and the equivalent circuit of the distribution network
considering only two sources is as shown in Fig. 2.
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Fig. 2 Steady-state equivalent circuit of the distribution network

The output voltage of the droop controlled converter in
Fig. 3 is as expressed in (1).

Vaci = Vaei — Railaci (D

where i = 1,2 represents the converter 1 and 2 respectively
connected to the DC microgrid, V4" represent the nominal
voltage reference of the ith DC source under no-load
condition, Vg is the output terminal voltage of the ith DC
source, Rg 1is the equivalent output resistance (or
virtual/droop resistance) of the ith DC source, and /4; is the
output current from the ith DC source. Under the no-load
condition, Vdd* = Vdcz*: Vdc*.

The current sharing ratio between the sources in steady-
state is as expressed in (2), provided the effect of cable
impedance on load sharing is ignored.

1 1

S 2)

lyertlaer = ka1 Kaa
where ks1=Ra1, ka>=Ra> are the coefficients of the droop gain.
The droop coefficients are usually selected to be proportional
to the generators ratings to ensure an accurate current sharing,
based on the assumption that the same nominal voltage V"
is applied to each of the droop characteristics.

When the voltage drop on the cables is considered and the
voltage control dynamics are neglected, the steady-state DC
bus voltage as obtained from Fig. 2 is as expressed in (3).

Vo = Vaci = Rilaci = Vi — (Rgi + R)lgci 3)

where R; is the resistance of the cables connecting the ith DC
source to the load and V7 is the main DC bus voltage. Also,
the real power and output current from the individual power
converter injected into the system is as expressed in (4) and
(5) respectively.

* 2
p = VacVp—Vy

i = iR “4)
o Vic—Vp
deci — Rai+R; (5)

Therefore, from (5), we can obtain the expression in (6)

Id_,:1 — Kaqz2+R2 ( 6)
lacz  kdi1t+Ry
Hence, the current sharing between the converters in
steady-state is as expressed in (7), assuming the sources are
supplying together.

1 . 1
kq1+tR1 ’ kq2+R2

(7
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where ks/=Rai, kix=Ra> are the droop coefficients of the
individual converter connected in parallel.

It can be observed from (7) that the power sharing ratio of
the sources will be impacted by both the cable resistance and
droop gain. Hence, power sharing accuracy among the sources
may not be as desired using the conventional droop control
method. The inaccurate power sharing can be attributed to the
voltage deviation in the droop controller and the difference in
the output impedance of the power converters as a result of the
difference in cable impedance.

The maximum droop gain that can be set is constrained by
the maximum allowable voltage deviation of the DC bus
voltage and the converter’s full load current as expressed in

(8) [8].

AV
kamax = i;nax ®)

where the power converter’s full load current is represented as
i, kamax 18 the maximum allowable droop gain and AVpma is
the maximum allowable deviation of the DC bus voltage.

Also, when the influence of cable resistance is considered,
this modifies the effective droop gain. This causes the
effective droop gain to increase from kg in (2) to kgz+R; in (7),
hence, leading to poor regulation of the DC bus voltage. On
the other hand, accurate load sharing is not realized due to the
unequal cable resistances connecting the parallel-connected
DC sources to the load. The unequal cable impedance which
is usually a common feature of a low voltage distribution
system can be attributed to the difference in the relative
distance (geographic location) between the DC sources and
the load in the microgrid [8].

However, the MEA EPS distribution network in which this
proposed method is desired to be applied, the generators are
located at approximately the same distance (cable length)
from the power distribution centre. In order words, the cable
resistance from each of the generators to the load can be
assumed to be identical due to the symmetrical geometry of
the MEA electrical power system [15]. The problem here is
that the conventional droop control method can only realize
accurate current sharing (since the cable resistance is assumed
to be the same) when the desired sharing ratio is equal.
Therefore, there is a need to find a way of ensuring
improved/accurate load/power sharing between the parallel-
connected sources in the MEA EPS using the droop control
method (since the method is independent of a communication
link between the parallel-connected source converters) in
steady-state for any desired sharing ratio.

III. PROPOSED AVERAGE TOTAL CABLE RESISTANCE
COMPENSATION CONTROL METHOD

A. Principle of Operation and Implementation of Proposed
Droop Control Method

This method involves the modification of the
corresponding subsystems droop gain according to the
average of the total cable resistance. The droop gain
modification is realized through the addition of a
compensation term to each of the subsystem (locally) using a
proportional controller as shown in Fig. 3. This control
method works similarly as a virtual negative resistance to
mitigate the effect of the cable resistance on accurate current
sharing through compensation.

Source 1

Fig. 3 Proposed method control scheme in the voltage-mode droop control
method

The control dynamics of the ith converter is denoted as
Gv(s) in Fig. 3. A common compensation term (Rcomplaci) 1S
added to the terminal voltage reference for each of the
subsystem (module) as shown in Fig. 3. The feedback variable
of the proportional controller is the output DC current (Z4;)
and the value of the estimated average total cable resistance
(Reomp) 1s set as the gain of the proportional controller.
Therefore, load sharing error caused by the conventional
droop control method due to the influence of the
corresponding subsystems cable resistance is compensated
and improved load sharing can be realized for any desired
sharing ratio.

In the proposed control method, there is no need for high-
bandwidth communication between the power converters as
they can operate independently, hence, will reduce system
cost and complexity. Furthermore, the proposed method is
simple and can be implemented locally. The method is easy to
implement and practicable as the only measurement that is
required is that of the total load current and no need for any
voltage controllers.

A. Mathematical Analysis of the Proposed Method

When the compensation term is added, and the voltage
control dynamics are neglected, the new steady-state DC bus
voltage is expressed as

Vonew = Vae — (kai + R)lgei + Rcomplclci ©)

Hence, from (9), the new or modified droop gain due to
the compensation term and the new current sharing ratio for
the proposed droop control method is as expressed in (10) and
(11) respectively.

kdinew = kdi - Rcomp (10)

1 1
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Reomp = 225 (12)

where Reomp is the average total cable resistance, Y2, R; is
the estimated total cable resistance and Aginew is the modified
(new) droop gain due to the introduction of the compensation
term. Fig. 4 shows the control block diagram of the
implementation of the proposed enhanced droop control
method (for the voltage-mode droop control scheme) for the
MEA single bus DC microgrid distribution network fed by a



PMSG working in flux weakening and generation mode.
Also, the proposed control method is implemented locally as
shown in Fig. 4.
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Fig. 4 Control diagram of the proposed droop control method implemented
for the MEA application

B.  Estimation of the Total Cable Resistance

It is a well-known fact that in a DC system controlled using
the droop control method, the main DC bus voltage decreases
as the load power or current increases. In order words, the DC
bus voltage will decrease under heavy load conditions due to
an increase in the load power or current. To compensate for
the voltage deviation associated with the main DC bus, the
idea of the global droop gain was proposed in [15, 16]. Just as
the individual subsystem in a multi-source system controlled
by the droop control method have their droop gain, the global
droop coefficient helps to define the relationship (V-I
characteristics) between the main DC bus voltage and the total
load current. Therefore, in this paper, the concept of the global
droop gain is used in the estimation of the total cable
resistance as follows.

The DC bus voltage for the conventional droop control
method is expressed in (3). Therefore, for a two-source
voltage droop controlled system, the DC bus voltage is
expressed in (13) [16].

Vp = Vg — (ka1 + R)laer = Ve — (kaz + Ry)1ac2(13)

where the branch currents and their respective subsystem
droop gains are represented as li;, licz and ka, ka2
respectively; the main DC bus nominal voltage is Vu.* (270
V), and the main DC bus voltage is Vi, R; and R are the
resistance of the cables. Hence, the sum of the subsystem
branch currents that make up the total load current can be
expressed as in (14).

* 1
Lae = Iger +lace = Vge = V) Xy ——  (14)

i=1 kqitR;

where 114 1s the total load current, which can be measured on
the bus bar of the EPS as shown in Fig. 4. The bus bar (main
feeder) supplies power to all the loads connected to the
system. The expression in (14) can be rewritten as shown in
(15) to show the V-I relationship between the main DC bus
voltage and the total load current.

Vy = Vd*c_ILdtz;l (15)

=1kgi+R;

Furthermore, the expression in (15) can be re-written as in
(16) and (17).

Vo = Ve — lackagr (16)
Y
kagr ==+ 17)

where kq; is the global droop gain. Again, from (15), the
global droop gain can also be expressed as in (18)

- (18)

kdgl = Zg
=lkgi+R;

where the cable resistance is represented by R;. It can be
observed that the global droop gain (k4e;) cannot be calculated
directly from (18), this is because the corresponding
subsystems resistance (R; and R;) are not known. Hence,
(kagr) will be determined from (17). Therefore, in this paper,
kag1 can be obtained by the measurement of the total load
current (174) and DC bus voltage (V5) as expressed in (17) and
shown in Fig. 4. Furthermore, the expression of the global
droop gain for the conventional droop control method in an
ideal situation whereby the effect of the cable resistance is
negligible is as expressed in (19).

Kage = <1 (19)

It can be observed from (19), that the value of k4> depends
on the converters droop coefficients. Since ks and ks are
assigned by the controller, hence, the value of k4> can be
obtained from the controller.

Now, based on the expressions of global droop gains in
(18) and (19) we can develop an expression for the estimation
of'the total cable resistance for a multi-source droop controlled
system. However, in this paper, since we are only considering
two sources for the ease of analysis, the total cable resistance
estimation analysis is as follows.

From (18) and (19), the expressions for k4e; and k4e2 can
be re-written as in (20) and (21) respectively, for a two-source
system (in this case, n = 2).

1 _ kqi1kqz+tR1Ra+kg1R2+kqaR1

k =

dgl 1 1

1 1 kq1+kaz+R1+R
kg1 +R1 Tkgy 4Ry diTRdzTR1ITR2

(20)

1 kdai1kaz
k = = ‘difd2 21
dg2 1 + 1 ka1+kaz ( )

kar kaz

By dividing the numerator and denominator of the
expression in (20) by karka2, we obtain the expression in (22).

Kaikaz | R1Rp  Kq1R2  kdpR1i |, RiRp Ry Ry
k — kaikaz kdikaz kaikdaz kdikds _ _ Kdaikdaz kd2 kd1 (22)
dg1 kd1+kd2+R1+R2 1  Ri+Rp
kaikaz “kaikaz kagz kaikaz

Also, assuming kq;>>R; and ks2>>R>, for this analysis, we
obtain

1+0+0+0
1 R1+R3 = kdgl (23)
+XatRa
kagz kaikdz




Ry+ Ry = (o = o kankaz 24)

kdgl

Hence, the total cable resistance can be approximated to
the expression in (24) because of the assumption made earlier
to ease the mathematical analysis. Now, the average total
cable resistance (Rcomp) expressed in (12) can be re-written as
in (25).

1 1
——)k k
Ri1+Ry (kdg1 kdgz) d1itdz

R =
comp 2 2

(25)

C. Estimation Current

Performance

of Error in Sharing

In order to compare the current sharing performance
between the conventional droop control method and the
proposed method for different desired sharing ratio, the
mathematical expression in (26) is used. The expression in (26)
is used to calculate the percentage error in the current sharing
ratio based on the desired sharing ratio and the actual sharing
ratio realized by each of the methods. The expression is only
applicable for a system containing only two sources as is the
case in this paper.

n i -n
Error(%) = [MestredTactuat] 5 1009

(26)
where Rgesireq 1S the desired sharing ratio and 74cuq is the actual
sharing ratio obtained by using the conventional and
proposed droop control method.

IV. SIMULATION STUDIES

Simulations were carried out to compare the accuracy of
the load sharing performance between the conventional and
proposed droop control method. The topology used for the
simulation is as shown in Fig. 5 and can be regarded as a basic
architecture of the more electric aircraft EPS. Moreover, the
MEA EPS make use of two main generators and the auxiliary
power unit (APU) is only used together with one of the
generators during an emergency. This topology is made up of
two twin converters (AR;.) operating in parallel and a
constant power load. However, the proposed method can be
used in a system with more than two sources.

The system is modelled using MATLAB SIMULINK©
for both the conventional and proposed droop control method.
The CPL of 20 kW is applied to the system at 0.2 s and
increased by steps of +10 kW at 0.25 s, and 0.27 s during the
simulation. The simulation was run for 0.3 s. The system
parameters used for the simulations are as shown in TABLE
I. The simulation is carried out with equal cable resistance (i.e
equal cable lengths) since the cables connecting the generators
to the load in the MEA can be assumed to be of equal lengths.
The desired load sharing ratio is 1:2 based on the droop gain
settings in TABLE 1. The equivalent DC cable parameters
used in the simulations are as shown in TALE II.

The simulation results obtained for the current sharing
between the two generators using the conventional and
proposed droop control method are as summarized in TABLE
III. Fig. 6 (a) and (b) also show the simulation results for the
output DC currents and DC bus voltage respectively in
graphical form for the desired sharing ratio of 1:2.
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Fig. 5: Topology used in the simulation

TABLE I: ELECTRICAL POWER SYSTEM (EPS) PARAMETERS

Parameter Symbol Value
Rated Voltage of main DC Bus Vi 270 V
Local Shunt Capacitor C; 1.2 mF
Main DC bus capacitor C, 0.6 mF
Converter 1 Droop gain kar 1/4.250
Converter 2 Droop gain kaz 1/8.50

TABLE II: EQUIVALENT DC CABLES PARAMETERS

Resistance (R;)- Inductance (L,)- Length (m)
(0.6 mQ/m) (0.2 pH /m)
Cable 1 30 mQ 10 pH 50
Cable 2 30 mQ 10 pH 50
TABLE III: SUMMARY OF SIMULATION RESULTS AT T=0.27 8
Conventional kar ka> Laes Lies Ratio  Error
Method (%)
1/4.250 1/8.50 56.06 100.70  1:1.8 10
Proposed Katnew Kaznew Licinew Liconew Ratio  Error
Method (%)
1/4.871 1/11.41 51.70 103.40 1:2 0

It is observed that the current sharing ratio among the two
converters in steady-state using the conventional droop
control methods is 1:1.8 as shown in TABLE III. This clearly
shows that the result obtained is not in the desired sharing ratio
of 1:2 and the percentage error in the current sharing ratio is
calculated to be 10%. The inaccurate current sharing in the
conventional droop control methods is due to the influence of
the cable resistance. On the other hand, the proposed droop
control method can achieve the desired sharing ratio of 1:2 as
shown in TABLE III. This shows that the average total cable
resistance can effectively compensate for the effect of the
corresponding subsystem cable resistance on current sharing.

Furthermore, in both the conventional and proposed droop
control methods, the DC bus voltage decreases as the load
current increases. When a constant power load of 40 kW is
applied to the system at 0.27 s, the main DC bus voltage
dropped to 255.1 V (Vpconv) and 257.8 V (Viprop) from its initial
value of 270 V due to the increase in the load current for both
the conventional and proposed droop control methods
respectively as shown in Fig. 6b. However, the proposed
method can slightly improve the DC bus voltage regulation
due to the compensation of the cable impedance.
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Fig. 6: Simulation Results for Comparing the Performance of the
Conventional and the Proposed Droop Control Methods for the Desired
Current Sharing Ratio (1:2) (a) DC Currents (b) Bus Voltage
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Fig. 7: Comparison between conventional and proposed droop control
methods under different current sharing ratios

To further compare the current sharing performance
between the conventional and proposed droop control
methods, different sharing ratios are used. Desired sharing
ratios of 1:5, 1:4, 1:3, 1:2, 1:1, 2:1, 3:1, 4:1 and 5:1 are used
and are represented with their decimal equivalents in the
horizontal axis of Fig. 7. For each of the desired sharing ratio,
the output DC currents from the converters are obtained from
simulations and the corresponding percentage error in the
current sharing ratio is calculated and the results obtained are
as shown in Fig. 7 for both the conventional and proposed
droop control methods.

It is observed from Fig. 7 that the proposed method can
realize accurate current sharing without error under the
various load sharing ratios desired. On the other hand, the
conventional droop control method performs poorly in almost
all the desired sharing ratio when compared to the proposed
method. The worst performance is observed at desired sharing
ratios of 1:5 and 5:1 with a percentage error in the current
sharing ratio of 31% in both cases. Also, the percentage error
in the current sharing ratio of the conventional droop control
method increases with an increase in sharing ratio between the
generators. However, both the conventional and proposed
droop control method have similar current sharing
performance (with 0% error in the current sharing ratio) when
the desired sharing ratio is 1:1 as expected due to the equal
cable lengths from each of the generators to the load.

V. CONCLUSION

In this paper, a new enhanced droop control method has
been proposed for the MEA application. The proposed method
can be effectively applied in a system such as the more electric
aircraft whose cable lengths can be assumed to be equal (from
each generator to the load) for accurate load sharing. The
proposed control method is simple, can be implemented
locally without the need for a high-bandwidth communication
link, hence, will save cost and reduce system complexity.

In future, we intend to use artificial intelligence to develop
an artificial neural network (ANN) model based on sample
data obtained from simulation studies to select the optimal
droop coefficient for the droop control method employed in
DC microgrids irrespective of the variation in the
corresponding subsystems cable resistance. Also, we intend to
propose a method for the DC bus restoration based on the
proposed modified droop gain for the MEA application.
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