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Abstract—This paper studies the sharing control scheme for a
Hybrid 48V/375V/400Vac AC/DC Microgrid, based on classical
droop control and a novel approach for secondary control. In this
paper, both the dc and ac grids are controlled by a P/V droop
strategy. At the ac grid, this assumes a main resistive component
in the distribution line impedance. The droop control voltage
error in steady state is compensated by a novel and simple
secondary control approach. The proposed control strategy is
based on the calculation of the optimum power flow in each
operating point and the real-time modification of the droop
characteristics of the converters involved in the power flow
calculation. The proposed control is also capable of eliminating
the induced voltage drop when using virtual impedance and
incorporating any power sharing criteria for the converters
contributing to the power production, being this flexibility one
of its more important characteristics.

Index Terms—Microgrids, hybrid power systems, secondary
control, voltage control, load flow control.

I. INTRODUCTION

The future electricity grid is gradually moving in the direc-
tion of dc distribution, due the envisaged lower distribution
losses (compared with ac distribution) and the more efficient
integration of renewables and distributed resources [1]–[3].
The evolution in power electronics and control technologies
has enabled the development of dc Low-Voltage (LV) micro-
grids, which eases the integration of Energy Storage Systems
(ESS). Although the pathway from traditional ac distribution
systems to these new topologies integrating is not clear, it is
reasonable to think that the new grids should take advantage
of the already existing ac infrastructure, leading to the creation
of hybrid ac/dc microgrids [1]. This hybrid approach should
use Power Electronic Converters (PEC) in order to provide
redundancy of power flows, thus increasing the grid resiliency
[4].

Droop techniques are a widely used control strategy to
coordinate PECs so that they can share power production. In
dc, P/V droop is used, as well as for ac in LV distribution
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levels, due to the fact that the grid impedance in LV networks
is mainly resistive [5]. Droop techniques cause a deviation
from nominal values for the variables involved. In the case
of P/V droop, a deviation from nominal voltage appears due
to the droop operation. Apart from that,for the P/V droop,
the active power sharing among the converters is not always
accurate, as the converters normally see different voltages.
This is the same that happens for reactive power in Q/V droop.

Secondary control is used to eliminate voltage deviation due
to the droop. Secondary control typically relies on integrators
or PI regulators to eliminate the voltage deviation, both in
ac [6] and dc [7]. This requires periodic calculations for the
integrator to operate, gradually reducing the error every cycle.

This type of secondary control is normally divided into
three categories: centralized, distributed and decentralized [8].
Centralized control has a central controller with communica-
tions with the control of each involved converter and measures
the area voltage in order to eliminate its deviation, normally
with a PI regulator, sending the same reference to all the
converters. Distributed control operates in a similar way, but
the PI regulator is implemented on each converter control, but
with communication among all the converters. Decentralized
control does not require neither central controller nor commu-
nications.

Secondary control can also be used to achieve accurate
power sharing in P/V droops [9]. However, these methods
add some extra complexity to the secondary control, with
an extra control loop with a PI regulator and they are not
suitable for decentralized secondary control, since they use
some communication between PECs.

This paper shows a proposal of a hybrid ac/dc microgrid and
the coordinated control of all the involved converters (ac/dc
and dc/dc). The coordinated control is composed of a P/V
droop control for the primary control and a novel approach
for the secondary control. The proposed secondary control is
applied to P/V droop, but it could be easily adapted to P/f+Q/V
droop or other alternatives.

The proposed secondary control is able to eliminate the
voltage deviation due to droop controllers based on a single
calculation of the optimum power flow, shifting the droop
characteristic of each converter according to voltage and power
obtained from the power flow. This proposed solution has



TABLE I
COMPARISON BETWEEN THE PROPOSED SECONDARY CONTROL AND ALTERNATIVES IN THE LITERATURE BASED ON PI REGULATORS [8].

Central controller
required

Communication
required

Robustness against data loss, communication
delays or high latency

Power sharing
accuracy

Flexibility to change
the power sharing

Proposed Yes Yes High Yes Yes
Centralized Yes Yes Low Extra PI reg. No
Distributed No Yes Medium Extra PI reg. No

Decentralized No No Complete (no communication) No No

two main advantages compared to the aforementioned ones
(centralized, distributed and decentralized).

Firstly, it is capable of achieving power sharing accuracy
for the P/V droop without extra complexity. Besides, it is very
flexible allowing any power sharing among the converters to
be implemented, meanwhile the solutions in centralized and
distributed controls to correct power sharing are designed for
achieving one specific power sharing among the converters.
The capability of the proposed secondary control to implement
any power sharing allows the integration of any criteria for
the power sharing, providing a high flexibility. For example,
the secondary control can be combined with optimization
problems, like the use of ESS contributing to the grid stability
working in droop mode, meanwhile the secondary control
optimizes its use in terms of cost. The proposed secondary
control is also able to easily fix any reactive ac power sharing
criteria, including active power loads that can contribute to the
reactive power production if interfaced with a PEC, without
additional droop control (Q/f droop is not required).

Secondly, since it requires only one calculation for operating
point optimization, it has lower communication requirements
and higher robustness against communication delays, high
communication latency or loss of transmitted data compared to
distributed and, especially, centralized secondary controls [9].
Decentralized secondary control does not require communi-
cations. However, considering communications infrastructure
is always needed for coordination of distributed generation
units during black start and microgrid real-time monitoring
[8], the possibility of total lack of communications given by
decentralized secondary control is not critical.

These differences are summarized in Table I.
This secondary control also provides the capability of com-

pensating the voltage drop of virtual impedance techniques
at the steady-state, [10]–[14]. As stated in [10] the virtual
impedance can be used for many different purposes like
active stabilization and disturbance rejection or, in the case
of droop controllers, for making the line impedance more
resistive/inductive, depending on the type of droop used.

However, this virtual impedance causes a voltage drop, that
makes the effective total voltage drop greater, since the real
output voltage of the converter is lower than the reference
one (assuming that the converter is producing power). Some
solutions can be found in the literature, like the use of a high-
pass filter in the virtual impedance [11] to eliminate the effect
of the virtual impedance in steady-state. However, this solution
is only valid when the use of the virtual impedance is needed
because of its transient effect (like the active stabilization

aforementioned). When the steady-state effects of the virtual
impedance are also needed, this solution is not valid. It is
shown in this paper, how the designed secondary control can
take into account this virtual impedance and eliminate the
effect of its voltage droop. This is done by adding extra
nodes to the optimum power flow calculation and selecting
the physical connection of the converter, after the virtual
impedance, to be the node having 1 p.u. voltage.

This paper extends the contributions in [15] by the same
authors, adding the analysis of the power flow calculation
convergence used in the proposed control, experimental vali-
dation of the proposed method and an example of how to take
advantage of the proposed secondary control in optimization
problems.

This paper is organized as follows. In Section II, the
proposed hybrid microgrid topology and the power converters
topologies are described. In Section III, the control strategy is
explained, with a special focus in the proposed secondary con-
trol. Sections IV and V show the simulation and experimental
results respectively. Section VI shows an example of how to
integrate the proposed secondary control with optimization
problems. Section VII presents the conclusions.

II. PROPOSED MICROGRID TOPOLOGY

The hybrid ac/dc network architecture [15] proposed in this
paper is shown in Fig. 1 with the topologies of the converters
in the shadowed blocks. The ac feeders and the dc lines
(both ±375 and 48 Vdc) are modeled as purely resistive lines,
assuming a maximum voltage drop of 5 % at the end of the
line for the rated power.

Being the lines purely resistive, if reactive power loads and
references were set to 0, the ac part of the microgrid could
be studied as if it was dc. Being the q-axis component of the
voltages equal to 0 in steady-state, the d-axis component is
equivalent to a dc voltage for the calculations.

For this reason, the analysis done in the paper starts with the
dc case, since it is also a simplified study of the ac part. From
dc solution, some modifications are done in order to include
reactive power and possible non purely resistive impedances
in the calculations for the ac complete solution.

As explained in Section I, virtual impedance can be used
for different purposes, introducing an induced voltage drop. In
this paper, virtual impedance is used for the converters in the
ac feeders and is taken into account too for compensating its
voltage drop.
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Fig. 1. Proposed system level grid infrastructure [15]. Shadowed blocks in the left side indicates the simplification of the SST connection as a dc/dc converter
controlling the voltage.
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Fig. 2. General control diagram for converters in the 48 Vdc network. PLOADi is the aggregate load connected to node i, PPECi is the measured power
output of the converter and P0PECi is the power offset for the converter connected to node i.

III. COORDINATED CONTROL

As explained in the previous sections, the coordinate control
of the power converters is done with a P/V droop control, both
for the ac feeders and the 48 Vdc network.

This droop control acts as a primary control, making pos-
sible that all the converters which can deliver power, either
coming from the connection to the main ac grid or from ESS,
contribute to the power sharing.

The power sharing at the primary control level is achieved
without requiring communication among the power converters.
However, communication among them is used for upper level
control, namely secondary and tertiary control for enhanced
power sharing. This is later discussed in the paper.

A. ±375 Vdc grid control

In the ±375 Vdc grid, the SST provides connection to the
mains supply and to the central ESS. In the present paper, this
is simplified as a dc/dc converter connected to a dc voltage
source since the focus is in the hybrid microgrid. This dc/dc
converter controls the voltage difference between the positive
and the negative bus (750 Vdc) as shown in Fig. 1.

Header PEC (HPEC), connected to node 1, is in charge of
the dc bus balancing [16], due to its neutral point clamped
topology, assuring that the voltage in both buses is 375 Vdc
(one positive and one negative with respect to the neutral).

These two buses are distributed so that loads can be directly
connected to these dc buses. They can be connected to either
bus, so loads can be strongly unbalanced. Apart from that,
Ring#1 PEC is connected to +375 Vdc bus and Ring#2 PEC
is connected to −375 Vdc bus.

These two buses are distributed, so that loads can be directly
connected to them. Due to the different loads at each of the
buses (Ring#1 PEC at the +375 Vdc and Ring#2 PEC to
the −375 Vdc bus respectively), they could become strongly
unbalanced thus making much needed the balancing control
implemented at the HPEC.

B. 48 Vdc network control

In Fig. 2 the control diagram for the 48 Vdc grid is
shown. The control system is separated into two main blocks;
1) the internal converter control and 2) the central control.
The internal control implements the voltage control using
a quadratic approximation [17] and relies on a cascaded-
architecture with an internal current controller. The references
for the voltage control are given by a P/V droop. Connected to
the internal control, the central controller provides the power
offsets (P0) to the different converters based on the secondary
control, whose effect is to shift the droop curve.

The droop characteristic equation is shown in (1), where
V is the resulting voltage from the droop control; kp is the
droop coefficient; P , the measured power output; P0 and V0
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Fig. 3. General control diagram for converters in the ac feeder. SLOADi is the aggregate load connected to node i, SPECi is the measured power output of
the converter and P0PECi is the active power offset for the converter connected to node i. Both SLOADi and SPECi mean P and Q are required (being
S = P + jQ).

the offset power and voltage (equal to rated voltage in the
study case).

V = kp(P0 − P ) + V0 (1)

C. 400 Vac feeder control

The general control scheme for the converters in the ac
feeder is shown in Fig. 3, which is completely equivalent to
the 48 Vdc network case except from the decomposition in the
synchronous dq reference frame. Details about cross-coupling
and feedforward terms shown in [17] are omitted due to space
constraints. The reference for the d axis voltage control is
given by a P/V droop. The central controller plays the same
role as in the case of the 48 Vdc network. In here, also the
q-axis voltage reference is provided to the different converters.

D. Secondary control

For the secondary control, a new strategy has been used.
The idea consists on changing the P/V droop characteristics
of each converter, by modifying the offset power P0 in (1), so
that they match the desired solution. For this paper, the chosen
solution is to have a power sharing among the droop controlled
converters proportional to each converter power rating and a
voltage of 1 p.u. at a given specific node. In general, the output
of the main converter of the corresponding grid is used as the
1 p.u. reference.

This secondary control is applied to the 400 Vac feeder and
the 48 Vdc network. Considering the proposed grid topology
in each case, the loads at each node and the reference output
power of each converter, the power flow can be calculated,
resulting in the voltage profile at each node considering one
of the nodes is set to 1 p.u. For these calculations, only droop-
controlled converters participating in the power sharing are
taken into account as controllable converters, the remaining
are seen as bidirectional loads.

The reference power output of each converter can be se-
lected with different criteria. For the calculations presented
hereafter, the sharing among the converters is proportional to
the power rating of each converter. If any other criteria is used,
this method could easily accommodate to it without further
implications.

In this case, as shown in Fig. 1 both studied cases, the ac
feeder or the 48 Vdc network, are radial networks, without
rings inside. This eases the calculation of the power flow.
Different grid topologies, including mesh and ring networks
could also be considered, thus increasing the computational
burden for the power flow calculations [18].

Fig. 4. Power flow diagram. Pij (Iij ) is the power (current) flow from node
i to j, Pji (Iji) from j to i and Pjk (Ijk) from j to k. P ∗

PECi: reference
power for converter at node i, PLOADi: total connected load in that node and
Vi: voltage in that node. Rij is the equivalent impedance connecting node i
and j (it should include both wires impedance in dc).

Calculations required for dc and ac case are very similar,
but dc case is presented before, since it is simpler and more
straightforward because it does not include reactive power.
After presenting both cases, the possibility of including virtual
impedance is presented too.

1) Secondary control in dc: Knowing the reference power
and the voltage at each converter, obtained from the power
flow, P0 can be calculated so that the droop characteristic,
whose equation is shown in (1), meets the requirements. The
method is explained using network shown in Fig. 4.

In Fig. 5, the flowchart for the method is shown. Step 1
is for initialization, starting assuming no losses. Step 2 to 6
perform an iteration of the power flow. After step 6, a stop
criterion is checked for deciding whether to stop or to continue
with the next iteration, for a more precise calculation of the
power flow solution. An analysis of power flow convergence
is shown later in Subsection III-E. Step 7 calculates the offset
power for each converter, P0PECi, so that the droop curve of
each converter matches the solution from the power flow, as
shown in Fig. 6. This offset power is sent back to the converter
control to modify their droop (see Fig. 2).

2) Secondary control in ac: The implementation of the
secondary control in ac resembles the dc case but power (S, in
this case), voltage, impedance (Z) and currents are complex
magnitudes.

Fig. 7 show the corresponding calculations for ac. The only
significant difference is in the last step. Since the droop is
applied to P and Vd (real part of S and V complex vectors),
the equation for calculating the active power offset relies
on the real V component (d-axis), while imaginary (q-axis)
component is sent as a direct reference to the converters.

Apart from the differences due to the use of complex
variables in ac, the voltage drop for the dc case is calculated

as RI = R
P

V
meanwhile in ac it is ZI = Z

S√
3 · V

, because

the ac network is three-phase.



1) Initially set all line losses to 0.

PLOSSij = 0

2) Calculate the total needed production,
as the sum of all the loads and losses.

PTOTAL =
n∑

i=1

PLOADi +
n−1∑
i=1

PLOSSij

3) Calculate each converter power reference, sharing
the production proportionally to the power rating.

P ∗
PECi = PTOTAL · PnPECi∑n

j=1 PnPECj

4) Calculate power flow between nodes.

P12 = P ∗
PEC1 − PLOAD1

Pjk = Pij − PLOSSij + P ∗
PECj − PLOADj

5) Calculate voltage of each node (fixing V1 = 1 p.u.)

V1 = Vn

Vj = Vi −RijIij = Vi −Rij
Pij

Vi

6) Calculate losses in this solution.

PLOSSij = RijI
2
ij = Rij

(
Pij

Vi

)2

Stop criterion

7) Calculate offset power for each converter.

P0PECi =
Vi − V0

kpPECi
+ P ∗

PECi

Fig. 5. Flowchart for secondary control in dc. i, j and k denote any three
consecutive nodes.

Fig. 6. Droop curve shift for fulfilling power flow solution. Green: base case
with P0PECi = 0 and blue: final solution.

3) Secondary control including virtual impedance: As ex-
plained in Section II, when virtual impedance is considered,
the proposed secondary control allows for the compensation
of the induced voltage drop. The compensation is achieved by

1) Initially set all line losses to 0.

SLOSSij = 0

2) Calculate the total needed production,
as the sum of all the loads and losses.

STOTAL =
n∑

i=1

SLOADi +
n−1∑
i=1

SLOSSij

3) Calculate each converter power reference, sharing
the production proportionally to the power rating.

S∗
PECi = STOTAL · SnPECi∑n

j=1 SnPECj

4) Calculate power flow between nodes.

S12 = S∗
PEC1 − SLOAD1

Sjk = Sij − SLOSSij + S∗
PECj − SLOADj

5) Calculate voltage of each node (fixing V1 = 1 p.u.)

V1 = Vn

Vj = Vi − ZijIij = Vi − Zij
Sij√
3 · Vi

6) Calculate losses in this solution.

SLOSSij = 3Zij |Iij |2 = 3Zij

∣∣∣∣
Sij√
3Vi

∣∣∣∣
2

Stop criterion

7) Calculate offset active power for each
converter and q-axis voltage reference.

P0PECi =
Re(Vi)− V0

kpPECi
+ P ∗

PECi

v∗gqPECi
= Im(Vi)

Fig. 7. Flowchart for secondary control in dc. i, j and k denote any three
consecutive nodes. For obtaining a more compact expression, active and
reactive power equations are presented in its complex form, so they are joint
into one equation with S = P + iQ, using also Z = R+ iX . x, Re(x) and
Im(x) are the conjugate, real part and imaginary part of a complex vector.

adding virtual nodes to the power flow calculation shown in
Fig. 7.

In the example shown in Fig. 7, voltage in physical node
1, V1, is selected to be 1 p.u., obtaining this voltage at the
physical connection of the PEC to that node. A virtual node
is added before the virtual impedance voltage drop. This can
be seen in Fig. 8 with an example of a circuit including
virtual impedance, Zvir,i. The voltage in the node in which
each converter is physically connected is Vi and it is the one
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variables

Physical
variables

Fig. 8. Example of circuit including virtual impedance. Vi is the voltage at
the physical connection of the corresponding PEC and Zline,i, the coupling
impedance. Zvir,i is the virtual impedance of the PEC and VPEC,i, the
(virtual) voltage before the voltage drop in the virtual impedance.

obtained from the power flow explained before. The voltage
before the virtual impedance, VPEC,i , can be obtained from
Vi, adding the voltage drop in the virtual impedance. This
calculation is shown in (2).

VPECi = Vi + Zvir,i
S∗PECi√
3 · Vi

(2)

The calculated VPECi should be used instead of Vi in last
step in Fig. 7. So in Fig. 8, the virtual voltage VPEC,i is the
one used for the droop calculations, while Vi is the reference
voltage for the physical node, achieving V1 = 1 p.u.

The calculation presented in (2) is done considering a three-
phase ac system, while extension to the dc case only requires
to use real instead of complex variables for the impedance
and power and without the 1/

√
3 factor for the voltage drop

calculation.

E. Power flow calculation convergence

The proposed secondary control is based on the calculation
of the power flow solution. This power flow solution is an
iterative process, thus an stop criteria is needed. It can be both
a fixed number of iterations, a threshold for the difference of
some calculated variables between consecutive iterations of
the algorithm or a combination of both.

In this paper, for analyzing the convergence of the method,
the difference between the losses obtained at the end of the
iteration (step 6 in Fig. 5 and Fig. 7) and the ones calculated
in the step before is used. When this difference is below a
threshold, the solution can be considered precise enough.

The convergence time can be improved if instead of assum-
ing zero losses in the first iteration, the losses in the situation
prior to secondary control execution are used. This can be
done simply by using the power production of each converter
(PPECi) for calculating the total needed production in step 2
for the first iteration. Using PPECi instead of PLOADi for this
first iteration will make the losses of the previous situation to
be included. Although PPECi is not required for the rest of
the algorithm, this is normally an information that the central
controller can easily have.

To check the convergence, a simulation for the proposed
microgrid is performed. The results are shown in Table II,
where dc and ac cases are shown. The effect of using PPEC

for the first iteration is also included. It can be seen that the
power flow converges in few steps, leading to an error below
0.8h in all the cases. The use of PPEC for the initialization

TABLE II
ERROR FOR DIFFERENT NUMBER OF ITERATIONS (n) OF THE ALGORITHM.

FIRST AND SECOND COLUMNS: DC NETWORK; THIRD AND FOURTH: AC
FEEDER. FIRST AND THIRD COLUMNS: RESULTS USING PLOADi FOR THE

FIRST ITERATION; SECOND AND FOURTH COLUMNS: USING PPECi .

n dc: PLOAD dc: PPEC ac: PLOAD ac: PPEC

1 0.78 h 0.17 h 2.34 h 0.21 h
2 0.17 h 0.17 h 0.18 h 0.18 h
3 0.17 h 0.17 h 0.18 h 0.18 h

TABLE III
CONVERTER PARAMETERS.

Converter HPEC RPEC-ac RPEC-dc dESS-PEC
Sn / Pn 7.5 kVA 3.75 kVA 1.25 kW 1.25 kW
kp (p.u.) 0.1 0.1 0.05 0.05
fc (Hz) 50 50 0.5 0.5

reduces the error of this first iteration, although no difference
is seen from the second one onwards. For this paper, due to the
fast convergence of the power flow solution, a fixed and small
number of iterations (5) has been chosen for the stop criterion,
although comparing the difference between losses calculated in
consecutive iterations with a threshold would work similarly.

IV. SIMULATION RESULTS

The presented solution has been simulated using Mat-
lab/Simulink. The complete hybrid microgrid is depicted in
Fig. 1, including node numbers and code colors for the
different sections: green for ac feeder; purple for 48 Vdc
network; black for the ±375 Vdc buses.

In the ac feeder, nodes 1 and 2 are connected to the HPEC
and to the ac output of the Ring PEC (RPEC-ac) respectively,
by implementing a droop control strategy. Loads are connected
to nodes 2 and 3, where the TPEC works in PQ mode. Both
the HPEC and RPEC-ac have a virtual impedance of 5 times
the line impedance in the ac feeder.

In the 48 Vdc, the dc output of the RPEC (RPEC-dc) works
in droop control, together with a 1.25 kW dc/dc converter
operating as a distributed ESS (dESS-PEC). A constant power
load (CPL) is connected to node 2. In the ±375 Vdc grid,
HPEC connected to node 1, is in charge of the dc bus balancing
[16], while loads are connected both to 2 (positive dc bus)
and 3 (negative dc bus). The details of the rated power of
each converter and droop coefficients (kp) are shown in Table
III. Droop low pass filter (LPF) cutoff frequency are also
shown. Cutoff frequency for dc is small because of the low
communication speed in the experimental setup.

The simulation results are shown in Fig. 9. Before vertical
lines marked with 1 (for 48 Vdc network) and 2 (ac feeder),
the secondary control algorithm is disabled, thus having only
a classical droop control. It can be seen the operation of the
droop, which has two undesirable results. First, the power
sharing among the converters is different from the desired one.
In the ac feeder, the active power sharing ratio should be 2 : 1,
proportional to their power ratings, but it is not even though
the droop coefficient has the same per unit value. In ac, for the
reactive power no droop is being used, so the sharing without
secondary control is not controlled anyway
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Fig. 9. Simulation results. a) Power in ±375 Vdc network. b) Power in
48 Vdc network. c) Active power in ac feeder. d) Reactive power in ac feeder.
e) Voltage in 48 Vdc network, with a zoom to show the ripple. f) Filtered
voltage in ac feeder (10 Hz LPF), zoom to show the ripple with unfiltered
signal. For active/reactive power plots, load consumption is shown in dashed
lines and converter production is shown in continuous lines. RPEC and HPEC
are considered loads in the ±375 Vdc network.

and depends only on grid configuration and load demand. In
the 48 Vdc network it matches the desired 1 : 1 ratio because
the network is completely symmetrical. Second, the droop
causes a voltage deviation, making all the nodes far from 1 pu
value (48 Vdc and 400 Vac respectively). Once the secondary
control is enabled, these two effects are eliminated. Proposed
secondary control algorithm is performed once per vertical
line in Fig. 9. The sequence of power reference changes in
the simulation are the following:

• At t = 0.3 s, power reference for CPL in node 2 of
48 Vdc network is set to 0.5 kW.

• At t = 1.3 s, reactive power reference for CPL in node
3 of ac feeder is set to 2.5 kvar.

• At t = 3.3 s, active power reference for CPL in node 3
of ac feeder is set to −2 kW.

• At t = 5.3 s, power reference for CPL in node 2 of
48 Vdc network is set to −1.25 kW.

• At t = 6.3 s, reactive power reference for CPL in node
2 of ac feeder is set to −5.5 kvar.

• At t = 8.3 s, active power reference for CPL in node 2
of ac feeder is set to 7 kW.

Sequence of changes in secondary control references (power
sharing ratio and node with 1 pu voltage) is listed below.
Changes in power sharing ratio are carried out by modifying
step 3 in Fig. 5 and 7, with the desired proportion (the
algorithm presented the case as if the desired proportion was
proportional to the rated power).

1) At t = 10.3 s, secondary control is activated in 48 Vdc
network, setting node 2 (load) to have 1 pu voltage
(48 V) and sharing of power production among the two
droop-controlled power electronic converters with 2 : 1
ratio (ESS and RPEC output).

2) At t = 12.3 s, secondary control is activated in ac feeder,
setting node 1 (HPEC) to have 1 pu voltage (400 V) and
sharing of active and reactive power production among
the two droop-controlled power electronic converters
(HPEC and RPEC) proportional to their rated power
(2 : 1 ratio). Is is worth to remark that 1 pu voltage is
achieved in node 1, which has a converter with virtual
impedance, being able to compensate the voltage drop
in this virtual impedance.

3) At t = 14.3 s, 1 pu voltage reference in ac feeder is
changed to node 3. The change is reversed in next update
of secondary control in ac feeder.

4) At t = 15.3 s, power sharing ratio of converters in
48 Vdc network is set to 1 : 1 ratio.

5) At t = 18.3 s, active and reactive power sharing ratio
of converters in ac feeder is set to 1 : 1 ratio.

6) At t = 20.3 s, 1 pu voltage reference in 48 Vdc network
is changed to node 1 (RPEC output).

7) At t = 22.3 s, active power sharing ratio of converters
in ac feeder is set back to 2 : 1 ratio.

8) At t = 24.3 s, reactive power sharing ratio of converters
in ac feeder is set back to 2 : 1 ratio.



A. Effect of grid parameters estimation mismatch

In order to check the accuracy of the method under para-
meter estimation mismatches, a simulation has been performed
forcing these estimation errors. The simulation has been done
both for the ac feeder and the 48 Vdc network, in the same
configuration explained previously in this section. For both
cases, the network situation, including load consumptions, is
exactly the same that there is at the end of the simulation
shown in Fig. 9, only changing the situation of the load
consumption in the ac feeder, where two nodes have loads.
Apart from that, the only difference is in the performance of
the secondary control.

The results are shown in Fig. 10. A variable error between
±30 % has been included in the grid resistances estimation
used for the secondary control. Both the ac feeder and the
48 Vdc network have the same configuration: R12 and R23

connecting nodes 1, 2 and 3 in a radial manner. For all the
cases, the proposed variation for R12 estimation error has been
added. Three different cases are considered for R23: no error
and same magnitude error as in R12 with same or opposite
sign.

As commented before, the ac loads at the end of simulation
shown in Fig. 9 are connected to nodes 2 and 3. In order to
check which load configuration is more sensitive to estimation
mismatches, two simulations have been performed. The sum
of both loads in Fig. 9 is connected to one of the nodes. The
results for the load connected to node 2 are the same for the
three cases for the R23 error. This is a logical result, since if
no load or PEC is connected to node 3, current does not flow
in R23 and the estimation of that value has no effect. Similar
results are obtained when all the load connected to node 3 with
no error in R23. Since no PEC is connected to node 3, for the
secondary control, R23 and the node 3 load can be considered
as a load connected to node 2, with a small variability due
to the R23 losses. If the value of R23 is estimated properly,
the losses are calculated exactly and there is no significant
difference with the case where the load is directly connected
to node 2.

In the results for the 48 Vdc network, it can be seen that
the worst scenario is when the estimation has errors with
opposite sign being the effect almost negligible for both power
and voltage when the same sign estimation error occurs. The
maximum deviation in absolute value is: 13.85 % for P1 and
P3 and 0.35 % for v1.

For the ac feeder, the worst scenario for active power and
voltage occurs for same and opposite sign error respectively.
For the reactive power, all the cases show almost identical
results. The maximum deviation in absolute value is: 2.80 %
for P2, 5.51 % for Q2 and 0.18 % for v1. The errors for P1

and Q1 are in all cases smaller than those for P2 and Q2.
It can be seen that in all cases the error in terms of

voltage is really small, meanwhile for all the other variables
(active/reactive power), the maximum error in all the scenarios
is 13.85 %. Considering that this error occurs for a very
significant error (30 %), the method can be considered robust

Fig. 10. Estimation mismatch simulation results. Left column: dc network;
right column: ac feeder. First two rows indicate both PECs power production
compared to the reference one for the secondary control (two PECs in each
case, dc and ac; for ac, dashed lines indicate reactive power). Third row
indicates deviation in the voltage in the node whose voltage is chosen to have
1 pu voltage.

enough referring to parameters estimation mismatches. Taking
into account that these important errors only appear for power
sharing and not for voltage magnitude, the method can be
considered as a valid alternative to other secondary control
alternatives, which normally correct the voltage deviation of
the droop controllers but have no capability of varying the
power sharing in a flexible way.

The application of this secondary control is thought for
microgrids, coordinated by a central controller with access to
measurements in the different nodes. In this scenario, a proper
estimation of all the required parameters can be worthy for
multiple reasons, including an optimum operation of the mi-
crogrid (like losses optimization). Online parameter estimation
methods are found in the literature and some of them use the
same variables required for the secondary control, to perform
an inverse power flow problem, estimating impedances from
current and voltages in the different nodes [19]. This strategy
for online parameter estimation is very convenient to be run
in parallel with the secondary control, when offline estimation
is not possible.



Fig. 11. Setup for experimental validation. Speedgoat real-time simulator
(1): implements the ac feeder and controls two Cinergia B2C-30 converters,
one for the 750 Vdc network (2) and the other for the 48 Vdc network (3).
White arrows indicate Modbus/TCP communication channels for the real-time
simulator to send references to and receive measurements from the converters.

V. EXPERIMENTAL VALIDATION

The proposed method has been validated experimentally
with the setup shown in Fig 11. The microgrid shown in Fig.
1 is partially implemented. The ±375 Vdc grid is simplified
to a unipolar 750 Vdc bus and only one ac feeder and one
48 Vdc network are used.

The two Cinergia B2C-30 converters shown in Fig. 11
are controlled through the Speedgoat real-time simulation
platform, sending power references to outputs operating as
constant power loads and voltage references to the droop-
controlled converters, with the droop calculations inside the
real-time simulator. Real measurements from the converter
outputs, using Modbus/TCP communications, are fed back for
the calculation inside Speedgoat. The ac feeder is implemented
in the real-time simulator. The interconnection of the ac feeder
and the 48 Vdc network with the 750 Vdc bus is implemented
as a load in the 750 Vdc, whose demand is updated with the
production of the corresponding converter: RPEC in 48 Vdc
network (real power measurements) and RPEC and HPEC in
the ac feeder (real-time simulation data).

In Fig. 12, the results from the experimental setup validation
are shown, with the same sequence of changes in load and
secondary control references explained in Section IV for the
Simulink simulation. It can be seen that the experimental
results agree with the simulated ones, thus validating the
proposed secondary control.

1 4 6

1 4 6

2 3 5 7 8

Fig. 12. Experimental results. a) Power in ±375 Vdc network. b) Power in
48 Vdc network. c) Active power in ac feeder. d) Reactive power in ac feeder.
e) Voltage in 48 Vdc network, with a zoom to show the ripple. f) Voltage in
ac feeder, with a zoom to show the ripple. For active/reactive power plots,
load consumption is shown in dashed lines and converter production is shown
in continuous lines. RPEC and HPEC are considered loads in the ±375 Vdc
network.



VI. COMBINATION WITH POWER SHARING OPTIMIZATION
CRITERIA

In the previous sections, the power sharing was determined
as a constant proportion between both converters production.

In this section, this power sharing selection is chosen
for optimizing a given cost function, thus illustrating the
versatility of the proposed method.

Optimization problems including power flows normally
require iterative processes, for the same reason power flow
solutions are normally iterative. For this reason, the iterative
process explained in Fig. 5 can be used for calculating the
optimization problem at the same time the power flow is being
solved, being the study case for the optimization problem is
in dc.

The cost function to be minimized is (3), where Pl are the
losses in the network, Pload and Pb the power consumed by
the load and the battery used as ESS, C0 is the cost of energy
at the moment of optimization and C1 is the expected cost of
energy in a future moment of the day.

C = C0Pg − C1Pb = C0(Pl + Pb + Pload)− C1Pb (3)

This cost function represents the cost per unit time of the
consumed energy, C0Pg = C0(Pl + Pb + Pload), minus the
expected revenues from the energy stored in the battery for a
future sell, C1Pb. Pb is considered with load convention, so a
positive value means it is being charged, thus having a positive
future revenues (reducing cost). The two costs, C0 and C1 are
thought for tariff with hour discrimination, in which the price
for peak and valley moments of the day can be known and
used for estimating the possible earns with battery usage.

For the losses calculation, only the losses in the lines in
the 48 Vdc network are considered, neglecting the losses in
PEC and assuming RPEC is directly connected to the grid
(so grid variables from now on indicate RPEC output). The
same procedure applied here can be used for more complete
losses calculation, as it can be used including other parts of
the grid, but it complicates the problem and is considered as
future work out of the scope of the paper.

Losses can be calculated as shown in (4), where R is
the resistance of the line connecting to the load, indicating
subscript g and b grid or battery side, and V is the voltage at
grid/battery PEC output.

Pl =
Rb

V 2
b

P 2
b +

Rg

V 2
g

P 2
g =

Rb

V 2
b

(1− r)2P 2
T +

Rg

V 2
g

r2P 2
T (4)

Where Pg and Pb are expressed as a function of total pro-
duction that the battery and grid must share (PT = Pl+Pload):
Pg = rPT and Pb = (1− r)PT , being r the proportion of this
demand supplied by the grid (PTOTAL in Fig. 5).

Substituting (4) in (3) and differentiating with respect to r,
the condition for the minimum of the function is obtained, as
shown in (5).

C ′ = C0
2Rb

V 2
b

(r−1)P 2
T+C0

2Rg

V 2
g

rP 2
T−(C1−C0)PT = 0 (5)

Defining Bx = 2PTRx/V
2
x (where x can be either g or b)

and Cdiff = (C1−C0)/C0, and dividing by PTC0 condition
shown in (5) can be rewritten as shown in (6).

Bb(r − 1) +Bgr − Cdiff = 0→ r =
Bb + Cdiff

Bb +Bg
(6)

Losses (used for obtaining PT ) and voltage in each node
are assumed as constants for this calculation, although they
depend on the solution. This means that the optimum will
not be found with one single calculation, since the value of r,
whose optimum is being calculated, is affecting the parameters
needed for its calculation. However, this optimum calculation
can be added to the iterative nature of power flow algorithms
(used in the proposed secondary control), recalculating the
constants for every iteration. This process does not fully
guarantee the convergence to the optimum point, but it will
be seen that the deviation is generally small.

Due to this possible deviation from the optimum solution,
and in order to make the method valid for more complex
problems in which an expression for r might be impossible
to obtain, another method for the optimum calculation is
proposed. For this method, the iterations of the secondary
control are done with steps in the different values of r, doing
a sweep among the possible values. For every value of r, the
cost function is calculated. If the calculated cost is minimum
compared to the previous ones, the value of the cost function
is updated to be used in the next steps. The value of the
outputs of the secondary control (P0PECi and, in the case
of ac, also v∗gqPECi

) is also stored to avoid recalculating the
power flow after the sweep has finished. The explained Sweep
Optimization method is shown in Fig. 13.

Since the steps in r are going to be relatively small, it can be
considered that the power flow for each value of r converges in
only one iteration, because it is starting from a similar solution.
This way, the iterative nature of the power flow solution and
the optimization problem is combined.

These two alternatives, which from now on are going to be
referred as Optimum Calculation and Sweep Optimization, are
going to be compared in order to check its effectiveness.

A. Simulation validation

The cost optimization problem presented in this paper is a
simple case with a reduced version of the grid infrastructure
presented in Fig. 1, with only one of the 48 Vdc networks.

The configuration of the study case network is the same used
for Sections IV and V, with the RPEC connected to node 1,
the ESS to node 3 and load to node 2. The load consumption
is fixed to 1.25 kW for all the results presented here.

For validating the proposed optimization algorithm, a simu-
lation has been carried out. For the same network situation,
the value of r is varied in order to obtain the cost function for
a given range. This is similar to the Sweep Optimization, but



1) Initially set all line losses to 0 and create
variable to store minimum cost (initially set to
infinite so that first iteration stores its value).

PLOSSij = 0

Cmin = ∞

2) Calculate the total needed production,
as the sum of all the loads and losses.

PTOTAL =
n∑

i=1

PLOADi +
n−1∑
i=1

PLOSSij

3) Calculate each converter power reference. For the
case study, PECs are connected to node 1 and 3.

P ∗
PEC1 = Pg = rPTOTAL

P ∗
PEC3 = Pb = (1− r)PTOTAL

4) Calculate power flow between nodes.

P12 = P ∗
PEC1 − PLOAD1

Pjk = Pij − PLOSSij + P ∗
PECj − PLOADj

5) Calculate voltage of each node (fixing V1 = 1 p.u.)

V1 = Vn

Vj = Vi −RijIij = Vi −Rij
Pij

Vi

6) Calculate losses in this solution and cost function.

PLOSSij = RijI
2
ij = Rij

(
Pij

Vi

)2

C = C0Pg − C1Pb = C0P
∗
PEC1 − C1P

∗
PEC3

7) If C < Cmin, calculate offset power
for each converter and update value of Cmin.

P0PECi =
Vi − V0

kpPECi
+ P ∗

PECi

Cmin = C

Is r ≥ rmax?

8) Exit algorithm and send P0PECi to the converters.

r = rmin

r = r + rstep
No

Yes

Fig. 13. Flowchart for secondary control with cost optimization in dc. i, j
and k denote any three consecutive nodes. rmin and rmax are the minimum
and maximum value of r for the sweep, and rstep is the step in r between
iterations.

Fig. 14. Simulation results for different values of future energy cost (C1) with
respect to present value (C0). r is the proportion of total load supplied by
the grid connection and C is the expected cost compared to the case with no
ESS (r = 100 %). Asterisks mark the position of the Optimum Calculation,
meanwhile squares mark the minimum obtained by Sweep Optimization.
Minimum values of C and r for each curve and values obtained with both
methods for optimization are shown in Table IV.

TABLE IV
MINIMUM VALUE OF COST FUNCTION FOR DIFFERENT VALUES OF C1 AND

VALUES OBTAINED BY BOTH METHODS FOR OPTIMIZATION.

Real value Opt. Calculation Sweep Opt.
r (%) C (%) r (%) C (%) r (%) C (%)

C1 = 0.8C0 −68.5 74.8 −59.1 74.9 −69.3 74.8
C1 = 0.9C0 −12.5 89.9 −9.5 89.9 −13.1 89.9
C1 = 1.0C0 50.0 97.9 50.0 97.9 50.0 97.9
C1 = 1.1C0 106.9 100.0 109.5 100.0 107.0 100.0
C1 = 1.2C0 151.3 96.8 159.1 96.9 151.8 96.8
C1 = 1.3C0 182.5 89.1 193.8 89.6 182.5 89.1

in this case the secondary control shown in Fig. 5 is executed
for each value of r during the simulation, the output of the
secondary control for each value is sent to the converters and
the cost function is obtained with the real values of Pg and
Pb measured in the simulation. In the Sweep Optimization, the
cost function is calculated in the algorithm, and the secondary
control reference is sent to the PEC only when the sweep is
finished.

The results can be seen in Fig. 14. Minimum values of cost
(C) for each curve and corresponding value of r, together with
values obtained with both methods for optimization are shown
in Table IV. For Sweep Optimization a step of 1% for r has
been used.

It can be seen that the error in the value of r for the Op-
timum Calculation is significant in some cases (up to 11.3 %
in the worst case). Meanwhile, for Sweep Optimization, is
always smaller than 1 %. However, in both methods, the
obtained cost is really close to the actual minimum, with a
maximum deviation of 0.5 % and less than 0.1 % for Optimum
Calculation and Sweep Optimization respectively.

This indicates that the deviation in the Optimum Calculation
from the actual minimum is not important, since although
it can be significant in terms of the chosen r value, the
obtained cost is close to the minimum one. This makes that this
method is more suitable for the proposed scenario, since less
iterations will be required. However, the validity of the Sweep
Optimization method is also proved as an alternative for more
complex problems in which the value of r minimizing the



cost function cannot be directly calculated. This could be the
case of considering efficiency curves in PECs, more than one
interconnected networks or multi-variable optimization (for
example, if the sharing is between three instead of two PECs,
adding one degree of freedom).

VII. CONCLUSIONS

This paper has shown an approach for the sharing control
scheme in a hybrid ac/dc microgrid. The proposed method
enables the different converters to contribute to the power
sharing by a droop control implementation. The proposed
secondary control eliminates the voltage deviation due to
the droop characteristic. It also eliminates the voltage droop
caused by the virtual impedance.

The proposed secondary control applied in ac allows the
reactive power sharing among the converters with no specific
droop control. This also eases the integration of converters
which are seen as active power loads, but whose reactive power
can be controlled to contribute to the sharing, as it can be
the case of a converter feeding a load or a STATCOM. All
the droop-controlled converters can achieve any active/reactive
power production, thus achieving different power sharing
scenarios, including shared conditions among the different
networks in the hybrid microgrid if the secondary control of
these different networks is coordinated. The proposed method
has been validated both in simulation and in an experimental
setup.

The secondary control is also flexible, allowing to introduce
any criteria for the power flow solution, like any method for
deciding the power sharing among the converters (minimize
losses, saturation of converters for its rated power,...) or the
possibility of easily changing the node whose voltage is fixed
to 1 p.u. This flexibility has been proven with a simplified
optimization problem, using the secondary control combined
to the minimization of a cost function. Two alternatives were
presented and validated through simulation, both with similar
performance in terms of obtained cost. Cost Optimization
approach is more suitable for simpler problems that can be
solved analytically, whereas Sweep Optimization is a better
option under complex scenarios. This could be the case of
considering efficiency curves in PECs, more than one inter-
connected networks or multi-variable optimization.
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