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AC/DC microgrids. A non-linear mathematical formulation is deployed to solve the problem subject to the exhaustive set of
constraints and equations pertaining to the operation of AC and DC networks. The proposed approach, being able to capture
technical characteristics, such as voltage and frequency, through the detailed power flow algorithm, provides accurate solutions
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down, radial network philosophy [1]. Although great uncertainty surrounds the prevailing MG architectures that will
improve the accuracy of heat demand estimations.
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emerge, building-scale and local-aggregator MGs are expected to become common in the coming decades [2]. In both
cases, the MG operator can have access to a plethora of different resources; AC and DC generators, such as wind
turbines and PV plants respectively, AC or DC loads (e.g. electric vehicles), and various types of Energy Storage (ES)
technologies (e.g. fuel cells and supercapacitors) [3]. The different technical characteristics of these resources pose
challenges towards investigating their associated benefits. Thus, detailed modelling is considered essential to
accurately capture the components’ behaviour, which can effectively enable investigation of their benefits. For
addressing such operational challenges, an AC power flow formulation is needed that involves highly non-linear
constraints. Additionally, it is important to investigate the behaviour of the system during contingencies, as this can
reveal problematic areas. Contingencies increase the problem’s dimensionality, which in overall leads to a larger
problem size, as it will be revealed in the sections below. Finally and with reference to hybrid AC/DC MGs that offer
additional benefits due to the elimination of multiple conversion stages, the energy exchange between the AC and DC
subgrids should also be associated with a set of technical constraints that allow voltage and frequency measures to be
correlated between the two subnetworks [4]. The above considerations result in a large Non-Linear Program (NLP).
The proposed method is applied to a highly-generalizable hybrid MG case study consisting of AC wind turbine
generators and DC photovoltaic arrays. On the demand side, both typical DC loads (e.g. electric vehicles) and AC
loads (e.g. water pumps) are considered. As far as the storage devices are concerned, technologies with complementary
operating characteristics are considered (e.g. Li-ion fuel cells, lead-acid batteries, supercapacitors). Through the
extensive analysis of this case study, the sections following hereafter address fundamental modeling and conceptual
challenges pertaining to the operation of the emerging hybrid MG paradigm.
2. Optimal of a Hybrid AC/DC MG through a Detailed AC OPF
The AC Optimal Power Flow (OPF), introduced in this section, is utilized for assessing the operational aspects of
the problem, so that the total system cost is minimized; i.e. the summation of any generation cost including
penalisation for involuntary load shedding of the MG. In mathematical terms, the objective function of the problem is
given by (1). The first term denotes the generation cost. The second term is included to account for penalization in
case the optimizer proceeds with load shedding. Finally, the third term is included to avoid infeasibilities, and in
practice is modelled as an artificial, very expensive generator.
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The optimization problem can be posed as a minimization problem, i.e. min(F), subject to the constraints
represented by (2) - (8). Specifically, (2) - (4) introduce the operational constraints of the MG, while (5) - (8)
correspond to the generator- and storage-relevant constraints. The equations shown below refer to the AC network,
however as explained this formulation has been developed to provide an OPF solution for both an AC and a DC
network. Therefore, in the developed model equations (2), (3), (5), (7) and (8) have been duplicated and accordingly
modified to also account for the DC subnetwork [14], [15]. The equations are solved following a unified approach,
according to which the AC and DC subproblems are solved simultaneously [5].
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Equations (9) and (10) represent the active and reactive power balance equations at each bus b, where 𝑃��� (𝑡) and
are given by (11) and (12), which are the classical equations pertaining to power flow problems.
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Note that equations (9) and (10) include the terms 𝑃�� (𝑡, 𝑐) and 𝑄�� (𝑡, 𝑐) respectively, which represent the power
flow through the interlinking converter connecting the AC and DC grids. 𝑃�� (𝑡, 𝑐) and 𝑄�� (𝑡, 𝑐) are accordingly
determined by (13) and (14), which correspond to a droop control strategy implemented in the converter [19], [28].
1
(13)
𝑃�� = − ∙ 𝛥𝑒
𝛾�

1
(14)
∙ 𝛥𝑒
𝛾�
Local measurements of frequency at the AC terminal and determination of the DC voltage at the DC terminal in
the two ends of the interlinking converter are utilised to effectively calculate 𝛥𝑒, which represents the difference
between the frequency and DC voltage. To allow comparison of the latter two measures, a normalisation procedure is
followed to bring the measurements in a per unit basis (what is called feature scaling in statistics), as described by
(15) and (16). These equations convert the given dataset in values within the range [-1,1]. The error, 𝛥𝑒 , is
continuously calculated over the time horizon. A negative value of 𝛥𝑒 corresponds to power transfer from the DC
subnetwork to the AC, and vice versa.
2 ∙ 𝜔 − (𝜔��� + 𝜔��� )
(15)
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𝑉��,��� − 𝑉��,���

(16)

This procedure is an effective way of coupling the voltage and frequency between the two networks and eventually
associating the exchanging power flows to these values. Therefore, the process introduces a means of capturing
measures relevant to dynamic phenomena, and it enhances the utilisation of the OPF algorithm during transient states.
3. Description of Case Study Network
The methodology shown in the previous section has been applied to the highly-generalizable MG illustrated in Fig.
1. The network consists of an AC wind turbine and a DC photovoltaic array each with a capacity of 100 kW, as well
as two conventional generators (i.e. one at each subnetwork) each with a capacity of 150 kW. On the demand side,
both typical DC loads (e.g. electric vehicles) and AC loads (e.g. water pumps) are considered (see Fig. 2 more
information). As far as the storage devices are concerned, the AC side includes a low energy – low power battery (i.e.
50 kW/200 kWh), while the DC side a medium power – high energy battery (100 kW/2000 kWh) [6].
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Fig. 1. Case study hybrid AC/DC network

3.1. Simulation results
This section presents the simulation results utilising the tool described in Section 2. For the analysis, we consider a
contingency occurring from 13:00 to 15:00 that leads the interlinking converter to be out of service for this 2-hour
timeslot, as shown in Fig. 3. For the 2-hour timeslot of the contingency the power is equal to 0. Note that active power
takes negative values, which indicates that the AC subnetwork is supplying power to the DC subnetwork. This is
expected, since the AC subnetwork includes the wind turbine that generates power at all times.
AC & DC loads
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Fig. 2. Solar irradiation and wind profile (left) – AC and DC loads (right)
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Fig. 3. Power flow through the interlinking converter with (red line) and without a contingency (blue line) (left) – AC network frequency and
normalisation error (right).

From a technical perspective, the contingency has an effect on the AC network’s frequency, as depicted on the right
side of Fig. 3 above. This indicates that the voltage-frequency coupling constraint introduced by equations (13) – (16)
creates the conditions required to effectively measure frequency and couple it with active power changes occurring
on the given network. This change in active power and consequently in frequency is captured through the simulation
in the normalisation error, which drops to 0 during 13:00 – 15:00; this is as per equation (13).
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It would be expected that during the contingency the optimiser would try to cover for the power deficit from
amassing energy from the PV array or the DC storage. However, by observing Fig. 4 we can see no significant
difference between the cases with and without the contingencies (i.e. red and blue lines respectively).
Storage charge & discharge

30
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Active power [kW]

PV generation
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Fig. 4. PV generation (left) – DC-side storage device charging and discharging

This is because the model is constrained by technical parameters that do not allow more power to be transferred
through the lines. Specifically, Fig. 5 illustrates the voltage of B6, the bus connecting the interlinking converter to the
DC subnetwork. The permissible range for the voltage is [0.9, 1.1]. Bus B6 maintains its voltage at 0.9 p.u., and that
is why no more power can flow through this bus (i.e. the only bus connecting the generators with one of the loads).
Same applies to bus B7. Therefore, this explains why the PV array produces no more than 20 kW, even though its
capacity is 100 kW, and the DC battery cannot discharge more than 31 kW. This is important, as typical energy
management systems found in the literature would neglect this aspect allowing power to be transferred; this would
lead to violation of technical requirements. Of course, this negatively impacts on the operational cost, as the surplus
of load (i.e. approximately 5 kW) is shed for each of these two hours, significantly raising the operational cost.
Voltage
Voltage [p.u.]

1.1
1
0.9
0.8
0

5
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20
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Fig. 5. Voltage profile of B6

4. Conclusions
This paper has presented a detailed AC OPF formulation for addressing the optimal operation of AC/DC MGs. A
voltage – frequency coupling has been introduced as a means of capturing a technical measure from one subnetwork
to the other. A normalisation procedure has been introduced which translates the admissible frequency and voltage
ranges into the range [-1,1], hence it creates a per unit representation of these two measures. The results indicate that
this becomes important, especially when an onerous contingency occurs as it allows operation without violating
technical constraints. In the context of the future power system, where MGs will be connected to distribution systems
offering services, the ability to capture all technical characteristics and abide with the imposed technical requirements
will be a very significant factor. It is believed that this work will become even more critical by integrating relevant
differential constraints, which will allow proper dynamic analysis of the MG system in much shorter timescales.
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Nomenclature
δlim
γp
γq
ωmax
ωmin
cls/os
Pg,max/min
Qg,max/min
S(i)lim
Sbmax
V(dc),max
V(dc),min
∆e
δbp(t, c)
ES(b, t, c)
P (g, t, c)
Pex(b, t, c)
Pic(t, c)
Ploadshed(b, t, c)
Pload(b, t, c)
Poverslack(b, t, c)
Q(g, t, c)
Qex(b, t, c)
Qic(t, c)
Qloadshed(b, t, c)
Qload(b, t, c)
Qoverslack(b, t, c)
Sc(b, t, c)
Sd(b, t, c)
V (b, t, c)

Maximum allowable voltage angle variation between two buses
Interlinking converter active power droop gain
Interlinking converter reactive power droop gain
Maximum permissible value of frequency ω
Minimum permissible value of frequency ω
Cost associated with load shedding/overslack
Maximum/minimum power of a generator g (active)
Maximum/minimum power of a generator g (reactive)
Capacity limit of branch i
Maximum storage power
Maximum permissible (DC) AC voltage
Minimum permissible (DC) AC voltage
Error between the normalized frequency and the normalized DC voltage
Voltage angle difference between buses b, p at time t for contingency c
Energy content in storage in bus b at the end of the current time step for contingency c
Active power generation of generator g at time t for contingency c
Active power exchange between considered bus b and other buses at time t for contingency c
Active power flow through the interlinking converter at time t for contingency c
Involuntary loss of active load at bus b at time t for contingency c
Active load at bus b at time t for contingency c
Overslack for active power at bus b at time t for contingency c
Reactive power generation of generator g at time t for contingency c
Reactive power exchange between considered bus b and other buses at time t for contingency c
Reactive power flow through the interlinking converter at time t for contingency c
Involuntary loss of reactive load at bus b at time t for contingency c
Reactive load at bus b at time t for contingency c
Overslack for reactive power at bus b at time t for contingency c
Storage charging into bus b at time t for contingency c
Storage discharging from bus b at time t for contingency c
Voltage at bus b at time t for contingency c
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