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Abstract: Hybrid AC/DC microgrids (HMG) are emerging as an attracting method for integrating
AC/DC distributed energy resources (DERs). In the isolated hybrid AC/DC microgrid (IHMG), the key
problem is how to balance power variation and regulate voltage and frequency. Various energy
storage systems (ESS) and interlinking converter (IC) technologies are viable for this application.
The present study proposes a novel unified power flow (PF) model which can be applied to compare
and analyze the practical operation modes of the IHMG and, further, to evaluate and compare the
abilities of the ESS with different connection topologies and ICs with different control approaches
to maintain the voltage and frequency stability of the IHMG. Five operation modes of the IHMG
are defined and explained. Then, a set of generic PF equations are derived. Moreover, three binary
matrices are applied as input parameters of the unified power equations. These matrices enable a
single operation mode of the IHMG at a time to be constructed in the power equation. Finally, the
accuracy and effectiveness of the proposed scheme are verified against the time domain simulation
result. The quasi-steady-state behaviors of multi-DC subgrids IHMG in different modes after a range
of load fluctuation are investigated. The results show that the use of multiple grid-forming units in
the AC and DC subgrids, when IC adopted normalized.

Keywords: hierarchical control; AC-DC hybrid microgrids; primary control; ESS; interlinking
converter; power flow analysis

1. Introduction

In renewable power generation systems, new features, such as the increment of the DC sources
and loads, and rapid developments in DC energy storage systems (ESSs) are emerging. This is more
pronounced at the distribution level. In order to satisfy various operational requirements, hybrid
AC/DC microgrids (HMG) were introduced. It should be indicated that HMG projects are widely
adopted worldwide [1-3]. Figure 1 shows a typical topology of the HMG and indicates that the HMG
is composed of an AC and a DC subgrid. Each subgrid contains distributed generations (DGs), ESSs,
and loads. Moreover, an interlinking converter (IC) links the AC and DC subgrid together.

Compared to conventional AC or DC microgrids, the hybrid AC/DC microgrid (HMG) reduces
the equipment investment and energy loss in the power conversion process by connecting sources and
loads to the AC and DC buses with low power consumption for the conversion. It is anticipated that
HMGs will be the most promising microgrid structures in the near future [1].

There are two operating modes for the HMG, called the grid-tied mode and the isolated mode.
Reviewing the literature shows that the latter mode has recently attracted significant attention because
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of its desirable characteristics, including the high availability of electricity, profitability for consumers,
and electrification potentials for remote isolated small communities. The construction of isolated
microgrids has evolved dramatically so far to incorporate DC and hybrid AC/DC systems that can
adapt to high penetration of DC-based DGs and loads [3].
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Figure 1. Layout of the AC/DC hybrid microgrid (HMG).

Extensive research has been conducted worldwide on the isolated hybrid AC/DC microgrid
(IHMG). Most of the research is about power management and control strategy for the IHMG [2-27].
A multilevel hierarchical control is chosen by most authors [2-6]. Guerrero et al. [3] indicated that
the hierarchical control usually consists of three levels: local/primary, microgrid/secondary, and
global/tertiary, which are described in detail in Section 2. At the primary control level, IHMGs are
characterized by an integrated control strategy, where (1) the RESs adopt a maximum power point
tracking (MPPT) strategy to achieve as much power as possible; (2) some conventional generators,
such as a diesel generator, adopt constant P/Q control and operate in a rated power state [7-13]; (3) the
ESS or inverter-based DGs adopt droop control, performing voltage and frequency control. For the AC
subgrid, the output active/reactive power is controlled by regulating the frequency and voltage [14,15].
Similarly, in the DC subgrid, the output power is controlled by adjusting the voltage [16-20]. It is
noteworthy that the IC plays a key role to maintain a power balance between the AC and DC subgrids
in IHMG. In operation of the IHMG, the location of ESS/droop-controlled DG affects the control
strategy adopted by the IC [21]. If the ESS/drooped-controlled DG is located alone in the AC or DC
subgrid, the common control method, which connects DG to the grid (such as constant V, constant P/Q
control), is adopted by the IC, which means the system frequency and DC voltage will be decoupled.
However, if the ESS/drooped-controlled DG is located in both the AC and DC subgrid, the IC uses the
normalized droop control method, which relates the AC frequency to the DC voltage to regulate the
transferred active power between the AC and DC subgrid. In other words, the AC and DC subgrids
are coupled [22-27].

The power-flow (PF) analysis significantly contributes to the design, expansion planning, and
optimal operation of the HMG [28]. However, in IHMG, various types of control methods for
converters and layout plans for components contribute to the diversity and complexity of operation
characteristics. Under this situation, the complexity of power flows increases significantly. Researchers
modified the conventional methods and developed new approaches for analyzing the power flow.
Li et al. [29] implemented the primary control of virtual impedance and droop control into the PF
mathematical model. However, the model is performed independently for AC and DC microgrids.
Wang et al. [30] presented a PF model which can enable the calculation of voltage characteristics with
voltage characteristics containing multiple DC droop control stages. Baradar et al. [31,32] proposed
a new PF model by adding a new state variable to handle any kind of converter loss modeling and
any kind of converter control method. Ahmed et al. [33] proposed a novel AC-DC PF model for
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including consideration of the possible AC-DC hybrid distribution network configuration. However,
the modeling methods proposed in the above three papers are applicable to analyzing the PF in the
voltage source converter high-voltage DC systems.

Hamad et al. [34] and Eajal et al. [35] pointed out the unique operational characteristics of the
IHMG: (1) The frequency of the AC subgrid in the IHMG is no longer fixed but changes frequently
within a range due to the uncertainty of primary resources, load, and intra-day market factors;
(2) because of the development and wide applications of the droop control technology in the IHMG,
the new type-droop bus is emerging; and (3) there is the bidirectional power flow between neighboring
subgrids. Based on these reasons, a nonlinear power flow methodology and control equations were
identified for modeling the IHMG [33-39]. Studies have shown that there are two general methods
for the power flow calculation of the AC/DC hybrid network: the unified method and the sequential
methods. Moreover, multiple iterative loops should be solved sequentially and separately in the
sequential method, which leads to the increase of computational time and complexity [40]. It should
be indicated that this problem is resolved in the unified algorithm [41].

This paper focuses on how to analyze all possible primary operation states of the IHMG considering
various types of primary control applied by different converters and various types of layout of units.

Previous research has focused on establishing and solving the IHMG PF and failed to fully consider
the impact of the complexity and diversity of primary control strategies and configuration. Based on
this, this paper proposed a new unified PF model to the IHMG. The PF analysis for the IHMG can
be extended to detail all possible practice steady operation states, based on various types of primary
control approach and layout of key units. Unlike secondary and tertiary controllers, which are generally
based on similar controllers used in the systems, primary control should be designed specifically for the
application in the IHMG [3]. Therefore, multiple running scenarios with different frequency/voltage
operation characteristics can be identified according to different primary control strategies. However,
reviewing the literature shows that few studies for the IHMG power flow analysis have been performed
to date for the diversification of the operational modes of the IHMG. The proposed model is unique
from the formulation point of view. Various realistic voltage and frequency control scenarios were
considered in the IHMG to unify AC/DC PF equations. The performance of the proposed method was
analyzed in independent test cases for the AC and DC microgrids. The developed model employed
three binary matrices to describe the configuration and operational mode of the IHMG. The generic
AC and DC power equations were constructed. Moreover, the proposed model was used to solve the
PF problem. In order to evaluate the effectiveness and accuracy of the proposed mode, the PF results
were compared with those obtained from the MATLAB software. The unified PF model proposed in
this paper can be used for grid operators to fully understand the characteristics of different operational
modes, which have been formed by different quasi-steady-state control strategies in the IHMG. This is
more pronounced when the standardization of the supervisory control remains unclear.

The remainder of the presents study is organized as follows: Section 2 provides a brief overview of
the hierarchical control for the application of the IHMG and emphatically presents the primary control
adopted by grid units of the IHMG. The definitions of the five operational scenario-based control
strategies are discussed in detail in Section 3. Section 4 describes the formulation of the proposed PF
model, including the unified AC-DC power equations, in detail. The case studies for various operation
modes in the IHMG with different configuration and the validation of the proposed PF model are
described in Section 4. Finally, Section 5 presents the conclusion of the present study.

2. Primary Control in the Hierarchical Controlled AC/DC IHMG

2.1. Hierarchical Control Level

The ability to support the AC frequency and DC voltage are essential features for the IHMGs
when they are disconnected from the main power grid. In fact, there is an obligation for complex
control architectures to support the AC frequency and DC voltage. A structured approach using
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centralized or distributed control is called the multilevel-hierarchical control [2—6]. This structure
is extensively applied in low-speed communications. In general, three levels are defined in the
hierarchical control strategy:

1. Level 1 (primary control): The control object of this level achieves voltage/frequency control for
interface devices of the distributed energy resources (DER). Moreover, the power sharing and
optimal power management of resources can be obtained;

2. Level 2 (secondary control): The control level utilizes the low speed communication network to
compensate for the voltage and frequency deviations caused by the primary control level;

3. Level 3 (tertiary control): There is a positive response in this control level for external dispatching
instructions to maintain the effectiveness, economy, and reliability of the system.

2.2. The Primary Control of the DERs in the IHMG

As the most critical levels in the hierarchical management, there are two distinguished types of
primary control levels, namely, the grid-following and grid-forming controls [3]. The purpose of the
grid-following control is to extract as much power as possible from the renewable energy resource.
For instance, the maximum power point tracking (MPPT) mode in the wind turbine and photovoltaic
systems and the operation in the rated power in diesel/biomass generators are practical applications of
the grid-following control [8]. Moreover, inverter-based renewable DGs have the capability of reactive
power control by means of their inverters. It should be indicated that PV systems and wind turbines
are required to participate in some grid codes to provide reactive power control of the power system [8].
The connected buses in the aforementioned resources are usually modeled as PQ buses in the power
flow analysis [29].

The grid-forming control, which mostly acts in intentional or non-intentional islanding mode,
provides stability of the voltage and frequency. Furthermore, these control strategies fall into
two categories based on the need or non-need for communication networks between devices [3].
The former category includes master/slave, central or concentrated control, instantaneous current
sharing or circular chain approaches, while the latter one mainly includes the droop-based control and
the virtual impedance. Usually, energy storage devices or DGs based on the droop control techniques
operate in grid-forming mode [11]. The w—P droop of an AC type ESS connected in nth bus can be
calculated by Equation (1) [24].

ch : ch
_PSD,n,maX , if w> whh,
1 : dis ch
Pspn = Ko (wo—w), ifwmsy <w< Wiy, (1)
dis : dis
SD,n,max / ifw< Wmax -

where the subscripts SD, n, and sp denote the ESS units with the droop control, nth AC bus, and
the active power droop gain, respectively. Moreover, Pg%lan,max and ng,an,max are the AC type ESS
maximum active power charging and discharging rates, respectively. Furthermore, wd dis
denote the frequency at which the ESS starts to charge and discharge at its maximum charging or

discharging rates, respectively. Finally, kspn is defined as the following [24]:

and w

h di
k _ wrcnax - wnﬁx (2)
spn Pch + Pdis !
SD,an,max SD,an,max

The w-P and V-Q droop of an AC type DG connects to the n' bus, while the V-P droop of a
DC-type DG connects to the m' bus. These are described by Equations (3)—(5), respectively [35,37].

PGpn = kipn(wo - w)r (©)
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, (4)

Qcppn = o (IVapmo| - [Vapn

1
qn
1
Pepm = = (VGpdmo = VGpdm), ©)
pm

where the subscripts GD, n, and m present the AC-type DG with the droop control, nth AC bus, and
mth DC bus, respectively. Moreover, Pgp , and Qgp ,, denote the AC-type active and reactive output
power, respectively, and Pgp i, is the DC-type active output power. Furthermore, kpn, kgn, and kpm
are the active and reactive droop gain of an AC-type DG and the active droop gain of a DC-type
DG, respectively. It should be indicated that kpn, kqn, and kpm are defined by Equations (6)—(8),

respectively [35,37]:

ke — Wmax ~ Wmin (6)
n — 7
P PGD,n,max
- |VGD'n|max B |VGDfn|min @)
n — 7
q QGD,n,max
VGD m,max — VGD m,min

kpm = . (8)

1—)GD,m,max

Usually, these units are modeled as droop buses during the power flow analysis [10-12]. The use
of such quasi-steady control characteristics can significantly increase the complexity of the power flow.

2.3. The Primary Control of the IC in the IHMG

As a key element of the IHMG, the IC can achieve the following functions:

1. IC can be a slack bus for the AC subgrid, compensating power mismatch in the AC subgrid in the
weak systems, while the DC subgrid has a higher power surplus [34]. In this case, the IC can
operate in grid-forming mode to perform frequency and voltage control of the AC subgrid;

2. IC can be a slack bus for the DC subgrid with lower power surplus capacity than that of the AC
subgrid. Moreover, IC can perform voltage control of the DC subgrid as a grid-forming unit in
the DC subgrid;

3. In order to achieve the equal loadings of subgrids, both subgrids of the IHMG should have
similar power when the IC controls the transfer of the active power between the neighboring
AC and DC subgrids. Moreover, in order to adapt the active power transfer between the two
subgrids, IC measures the AC frequency and DC voltage and equalizes them by normalizing.
The corresponding control strategies are as follows:

w — 0.5(Wmax + Wmin)

O = , )
O‘S(Wmax - wmin)
X Vge — 0.5(VImax + ymin)
VdC - max min (10)
0'5(Vc,dc - Vc,dc)
Ae = & —Vye, (11)
Pe = L Ae, (12)
kic

where Pc is the power transferred from the DC to the AC subgrids through the IC in the IHMG.
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Since the flow of the active power is from the DC to the AC side, the IC can also support the
reactive power at the AC side [30,31]. The injected reactive power of the IC to the AC network through
the jth AC terminal is expressed as:

Q. = {min( quj (|Vac,j,0| - |Vac,j )/ Qlim,j) if Pc,ac,j >0
. =
0 otherwise

(13)

Qlim,j = \/(S‘lim,i)2 - (Pc,ac,j>21 (14)

where P o is the injected active power by the converter at the AC side and Sy, and Qy;,, are the
apparent and reactive power limits of the IC, respectively.

3. Definition of the Operating Modes in the AC/DC IHMG

3.1. Classification of the AC/DC IHMG Configurations

The structural characteristics of the AC/DC ITHMG can be summarized as follows:

1.  Disconnecting from the main network;
Connecting the AC and DC subgrids through bidirectional AC/DC interfacing converters (ICs) to
fulfill the bidirectional power flow between subgrids;

3. Dividing the zones according to the DER type, such as RES, DG and ESS, and load type, such as
AC or DC.

Based on the aforementioned classifications, the location of the adopted device for the grid-forming
control is closely related to the operating characteristics of the system. Studies [11] have shown that
the AC/DC energy storage systems usually operate in grid-forming mode. More concretely, the AC/DC
energy storage systems are energy storage devices connected to the AC/DC subgrid. Some devices,
like batteries, can be connected to the AC subgrid or to the DC subgrid. The difference is that the
corresponding grid-tied converters are controlled differently. Some devices, such as fly-wheel, are
suitable for connection to the AC subgrid. The super-capacitors are more suitable for connection to
the DC subgrid. Moreover, IC can also maintain the voltage and frequency stability of the IHMG
like the ESS. This means that the power difference between the output power of the RES and that of
time-variable loads is modified by the output power of the ESS and IC. It should be indicated that
loads may vary with time because of a variety of parameters, including weather conditions, prediction
error, and so on. The droop control strategies are applied for the application of the AC or DC ESS
in accordance with Equation (1). The controlled IC in the constant AC voltage control can maintain
the frequency stability in the AC subgrid. Moreover, it can maintain the voltage stability in the DC
subgrids in the constant DC voltage control mode. Several network configurations can be found in the
literature, which are distinguished by the location of the storage units. Figure 2 shows an HMG system
as an example, where its configuration falls into three categories when disconnecting from the utility
grid: (1) Storages as grid-forming devices are located only in the AC subgrid; (2) storages are located
only in the DC subgrid; and (3) storages are located in both subgrids.
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Figure 2. Classification of the configurations of the isolated hybrid AC/DC microgrid (IHMG)
system: (a) Grid-forming units are in the AC subgrid, (b) grid-forming units are in the DC subgrid,
and (c) grid-forming units are in both AC and DC subgrids.

3.2. Primary Control Operating Modes

Based on the aforementioned three topological structures, the following five primary control
operating modes are identified for the system configuration in accordance with Figure 1.

1. Single grid-forming unit in the AC network:

There is an ESS which operates in the AC network as the grid-forming unit, whereas DGs of
both subgrids operate in the grid-following mode. The frequency and voltage of the AC subgrid are
sustained by the grid-forming unit, and the voltage of the DC network is regulated with the IC between
both networks. Moreover, the DC bus of the IC can operate as the DC slack bus of the DC subgrid.

2. Multiple grid-forming units in the AC network:

More than one storage system is actively involved as grid-forming units, in the control of the
voltage and frequency of the AC network of the IHMG. An adequate power sharing strategy of
grid-forming units is implemented for balancing the power variations of the IHMG. The method for
power management of the DC network is similar to that of mode 1.

3. Single grid-forming unit in the DC network:

In the operating mode, the grid-forming unit and DC energy storage are placed at the DC network.
Moreover, the IC establishes the voltage and frequency in the AC network, so its AC bus operates as
the AC slack bus of the AC subgrid. The operating principle is the same as that for mode (2).

4. Multiple grid-forming units in the DC network:

Power management is performed in the similar way to that of mode 2. The difference is these
grid-forming units control the DC voltage of the DC network while being ensured adequate power
sharing between units. The IC establishes the frequency in the AC side.

5. Multiple grid-forming units in both networks:

In the last operating mode, more than one grid-forming unit is placed at both networks. These
AC/DC grid-forming units are placed in separate subgrids and can balance the power variations of
the whole grid through the IC and transfer the active power between the neighboring two subgrids.
The direction of the power flow always transforms into the subgrid with the worst power deficiency.
Therefore, no special communication system is required.
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Tables 1-3 present the corresponding electrical behavior of units in the three main primary control
operating modes in the islanded HMG.

Table 1. The electrical behavior of the main components of IHMG in mode 1.

Unit Type in Output
Mode 1 Source Type Control Type Impedance PF Model
ACESSorDG  Non-Ideal Voltage source Droop 1 Finite, nonzero Droop
RES Ideal current source MPPT 0 PQ
IC DC Ideal Voltage source  Constant DC Voltage control 0 DC constant V
DC ESS or DG - - - -
1 See Formulas (1)—(6).
Table 2. The electrical behavior of the main components of IHMG in mode 3.
Unit Type in Output
Mode 3 Source Type Control Type Impedance PF Model
ACESS or DG - - - -
RES Ideal current source MPPT 0 PQ
IC AC Ideal Voltage source  Constant AC Voltage control 0 AC constant V
DCESSor DG = Non-Ideal Voltage source Droop 2 Finite, nonzero Droop
2 See Formulas (7)—(8).
Table 3. Electrical behavior of the main components of IHMG in mode 5.
Unit Type in Output
Mode 5 Source Type Control Type Impedance PF Model
ACESS or DG Non-Ideal Voltage source Droop ! Finite, nonzero Droop
RES Ideal current source MPPT 0 PQ
IC Non-Ideal Voltage source Droop 3 Finite, nonzero Droop
DC ESS or DG Non-Ideal Voltage source Droop 2 Finite, nonzero Droop

! See Formulas (1)—(6); 2 See Formulas (7)—(8); 3 See Formulas (9)—(14).

4. Formulation of the Unified PF Model

4.1. DER Model

In AC/DC IHMGs, AC-type DERs can operate in three operation modes, including PQ, PV, and
the droop modes. Similarly, DC-type DERs can also operate in three modes, including the constant
P, constant V, and the droop modes. All modes are defined based on the primary control approach,
adopted by the interface conversion of DERs.

In this section, some variables are defined as follows: Np and Mp are the number of units in
the grid-forming control in the AC subgrid (e.g., AC ESS/DGs in the AC droop control) and the DC
subgrid (e.g., DC ESS/DGs in the DC droop control), respectively. Moreover, Ng and My are the
number of units in the grid-following control in the AC and DC subgrids, respectively. On the other
hand, N = Np + Nr and M = Mp + My, are the total number of buses in the AC and DC subgrids,
respectively. The corresponding quantities of various bus connected units are summarized in Table 4.
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Table 4. The variables for the buses of IHMG.

Subgrid  Bus Type  Number of Buses Known Quantity

Unknown Quantity  Number of

x = [xac, xpcl Equations
PQ NR Pn/ Qn Vn/ 5r1 2I\IR
AC Droop Np - Pn, Qn, Vn, 0n 4Np
Slack bus 1 Vn, 51'1 Pnr Qn -
Const.P Mg Pm Vm Mg
DC Droop Mp - Pm, Vin 2Mp
Const.V M-MR—MD Vm P m M—MR-MD

4.2. Formulation of the Unified PF Model

In order to implement the PF model for any generic operational models in accordance with the

definitions discussed in Section 3, the system configuration and parameters should be described in a
matrix format. The following matrices are defined in this regard. It should be indicated that they are
used as inputs for the LF model.

1.

Unit-type vector W (N + M) x 1): It describes the unit type (i.e., grid-following or grid forming)
connected to the relevant bus in the AC/DC subgrid, as follows:

() When Wj = 1, the bus connects to the grid-forming unit;
(i)  When W; =0, the bus does not connect to the grid-following unit.

Judgment vector D ((N + M) x 1): It checks for the coexistence of grid-forming units in both AC
and DC subgrids:

(i) When D; = 1, the grid-forming unit is available in both AC and DC subgrids;
(i)  When D; = 0, the grid-forming unit is only installed separately in the AC or DC subgrids.

Judgment vector U (N + M) x 1): It checks for the existence of the grid-forming unit in each AC
or DC subgrid:

(i) When U;j = 1, there are grid-forming units in the AC subgrid;
(ii)  When U; = 0, there is not grid-forming unit in the AC subgrid.

The AC admittance matrix Y(N X N):

1

Yok () = Gri(@) + By (@) = oy —
n N

,nkeN. (15)

DC conductance matrix GY(M xM): The element in the matrix reflects the value of the
conductance of the DC line that connects two buses.

4.3. Power Balance Equations

Power balance equations were derived based on the configuration cases defined in Section 3 and

the configuration matrices (W, D, and U). For a given set of elements of the above matrices, only one
configuration was activated in the power equations at the same time. The elements of matrices reflect
operating modes in the IHMG system, and they are summarized in Table 5.

Table 5. The values of U, D, and W matrices, corresponding to operating modes of the IHMG.

ModeType U; D; W;

Mode 1 1 0 1
Mode 3 0 0 0
Mode 5 1 1 1
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It should be indicated that when values of the matrix element are equal to those for mode 1 but
the number of corresponding nodes is greater than 1, the operating mode of the IHMG is identified as
mode 2. Similarly, when values of the matrix element are the same as those for mode 3 but the number
of corresponding nodes is greater than 1, the operating mode of the IHMG is identified as mode 4.

The active and reactive power mismatch equations for the buses of AC and DC subgrids of the
IHMG system are expressed in Equations (16) and (18), respectively:

Fpp (80, [Vl f) = Pi0 = 0,¥n €N, (16)
Fon (8n, [Val, f) = QW = 0,¥n €N, (17)
Fpm(Vin) =Pg) =0,V meM. (18)

Moreover, P;r;j’n, ;“", and Pglcj o are expressed in Equations (19) to (21), respectively:

Py = U(PGrn + WPGDn = Prn = P — DB, Py)
+U[D(PGrn + WPGDn = PLn — Pn = DBnPen) + D(Pcra + WPGDa  (19)
—PLan—Pn—DByP,)]¥n=12,...N

Qx’ = Qcran + Q6D — Qn = Qn — BnQcn (20)
Py = U(PGrm + WPGD,m + DWPGD m — PLm — Pm + DB mPerm)
+U[D(PGrm + WPGD,m + DWPGD,m = PLm = Pm + DBy Pem)

+D(Porm + WPGDm + DWPGDm — PLm = P + DBy Po )|V m
=12,....M

(21)

whereU=1- U, D=1-Dand W=1-W. Moreover, Pgp n and Pgp , are the active output power
of the AC and DC ESS or DG units in the grid-forming control, respectively. Furthermore, Pgg
and Pggr  are the active output power of the AC and DC RES units in the grid-following control,
respectively. Pe, and P.y indicate the active output power of the AC and DC terminal of the IC,
when the IHMG system operates in mode 5. In this paper, the loss of the IC is ignored. Therefore,
Pecn = —Pem = Pc. On the other hand, Qgr n,, Qgp n, and Qc,, denote the output reactive powers of the
RES in the grid-following control, DG in the droop control and AC terminal of the IC, respectively.

N
Pr = IVal Y IVid[ Yok ()] cos (8 = 8k = 0K ()), (22)
k=1
M
P = Vi ) GmiVi (23)
k=1

where, P, and Py, are the injected active power to the nth AC bus and mth DC bus, respectively.
Ynk(w)| and 0, (w) are the magnitude and phase angle of the nkth entry in the AC bus

Moreover,
admittance matrix, respectively. G™* denotes the mkth entry of the DC bus conductance matrix, and
Q,, is the injected reactive power to the mth DC bus, which is expressed as:

N
Qn = IVal Y IVid[You ()] sin(8n = 85 = B (@) ). (24)
k=1
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In order to summarize the aforementioned equations, the mathematical model of the whole system

can be obtained as: F(x) = { EACEX - 8
DC =

equations of a general AC and DC bus and they are demonstrated as follows:

, where Fxc(x) and Fpc(x) are describing the mismatch

Fpudn, [Val, £, PGDn = Pacyidn, IVal, £, Pepn ~ n€N

Fac(x) Foudn, [Val, £, Qapn = Qi = Qorn + Qcpn = Qun— Qu—PuQcn  n€N 25)
X) =
AC Fop,pn(f,PGDn) = Popn — é(wn,o - w) n € Np

n

— _ 1
’ QGD,n) = QGD,n kqn(

F GD,Qn(’VGD,n VGD,n,O| - |VGD,n |) n € Np

Fpm(Vm, Pepm) =Py (Vm,Pgpm) mEeM

Fpc(x) = dom (26)
FGp,m(PGpm, Vm) = PGpm — kp%n(vm,o -Vm) meMp
The Jacobian matrix at kth iteration is defined by:
OB
](X(k)) — | ’ac W | (27)
0 Jpc
where: 5F
(k) AC
2
(k) 9Fpc
— . 2
Joc- Ixpe ) *)

Variables xac, xpc are detailed in Table 4.

4.4. Solution Procedure

In order to find the PF solution, a Newton TR dogleg method was employed in the present
work. It is a globally convergent iterative method, and it is widely used for solving highly nonlinear
equations [42]. The fsolve function of the MATLAB software was used to solve systems of equations
by minimizing the sum of squares of the components [43]. It should be indicated that the system
of equation is solved when the sum of squares is zero. The fsolve function has three algorithms:
trust-region; trust region dogleg, and levenberg-marquardt [44]. The iterative solution procedure of
the power flow can be best described by the flowchart in Figure 3.
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Is the HMG
isolated?

@

Construct the PF
equations F(x
(24)- (25)
Read the IHMG
data.
Call the Trust
¢ Region solver
Define the
operating modes
of IHMG(see
chapter 3.2) Check for the
convergence:
if |FOI<¢
Define the input
parameters: W,
U, D,Y ,G(see
chapter 4.2) y Calculate line
¢ k=k+1 flows and
losses
Assume a flat start

i v
Build the End

Jacobian <
matrices(26)- (28)

Figure 3. Flow chart of the proposed mode-adaptive power flow algorithm of IHMG.
5. Cases Studies

There were two case studies conducted in this paper [45]: (1) A 12-bus system was used to verify the
accuracy and validity of the algorithm. The output results of the proposed algorithm were contrasted
against the steady-state results of a detailed time-domain MATLAB simulation. This comparison was
used in [34-38]. (2) The different operational modes of a multi-DC subgrids IHMG were under study.
It was intended to investigate the performances of the proposed power flow methods and evaluate the
quasi-steady-state behaviors of various primary control strategies. Therefore, the method was applied
in main three operational modes after transient events. It should be indicated that considering the
derived formulation of the problem, employment of different modes is highly facilitated. The schematic
overview of the case studies is shown in Figure 4.
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Case study:(for the

performance of the

proposed PF method)

I

Multi- DC subgrids
IHMG:(Comparative analysis

e

12-bus IHMG:(testing the accuracy and

effectiveness of the proposed model) using the proposed model)

1
coupte Q Running state
system > Quasi-steady-state | — parameters: f;
Selecting mode 5
Including > behaviors in voltage(AC and
different modes DQ)

complex B Q Q

and g

diverse Results » Results @ Comparing modes

control . from the Comparing modes 1 1,2,5 (considering

thod .

metocs PF MATLAB and 2(considering the impact of

e simulation configuration impact) control methods)

Figure 4. The schematic overview of case studies.

5.1. Twelve-Bus Test System

The accuracy of the proposed model was verified in comparison with the steady-state solution
produced by the MATLAB software. The MATLAB simulation model was directly applied to the
existing model proposed in References [23-25]. The MATLAB is a time-domain software that utilizes
differential equations and can accurately model power system components [43]. Therefore, it can be
used for validating LF algorithms [46]. However, such software takes a huge amount of computational
time compared to algebraic PF methods so that it should not be applied in steady-state analysis [37].

To test the accuracy and effectiveness of the proposed LF model, it was applied on a 12-bus
islanded AC/DC hybrid system, which is a modified test system compared to the one used by Eajal,
Mohamed, and El-Saadany [35]. Figure 5 shows the configuration of the test system. The system
consists of radial and meshed topologies, a wind turbine, a photovoltaic system, and a DS with droop
control as grid-forming units in both the AC and DC subgrids. It should be indicated that both the wind
turbine and the photovoltaic system are equipped with MPPT control as grid-following units in the
corresponding AC and DC subgrids. Figure 5 indicates that the system is running on mode 5. In this
mode, the normalized droop control strategy adopted by the IC promotes the flexible bidirectional
power flow between the AC and DC subgrids. This leads to high cooperation of the DGs of the whole
system to share the overall loading. However, conventional power flow algorithms fail to accurately
simulate the characteristics of the introduced system [35]. In other words, this case study indicates the
advantage of the proposed analysis method for the power flow over conventional methods. The MVA
and AC/DC KV base values are set to 3.0MW and 2.4/7KYV, respectively. The results obtained from the
proposed PF model and the steady-state solutions from the MATLAB software are listed in Tables 6-8.
The data related to generators, IC and corresponding bus classifications are presented in Tables 9 and 10.
Moreover, the impedances of the network and the load connected to the related bus are summarized in
Table 11.
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Figure 5. 12-bus IHMG test system operating in mode 5.

Table 6. Test results of the voltage in the 12-bus IHMG system.

Bus Bus Type Unified PF Results =~ MATLAB Results
Vi (e Vi 0,

(p.u.) (p.u.) (p.u.) (p.u.)

1(ACh) Droop 0.9944 0.0337 0.9947 0.0330

2(AC1) Droop (IC AC)  0.9928 0.0289 0.9932 0.0301

3(AC ) PQ 0.9965 0.0234 0.9968 0.0256

4ACH PQ (MPPT) 0.9957 0.0440 0.9960 0.0443

5(AC 1) Droop IC AC)  0.9934 0.0956 0.9931 0.0900

6(AC 1) PQ (MPPT) 0.9994 0.0000 0.9997 0.0000
1%¢(DC2)  Droop (IC DC) 1.0086 - 1.0082 -
24¢(DC 2) P 1.0012 - 1.0013 -
3% (DC ?) P 0.9986 - 0.9981 -
49¢(DC 2) Droop 0.9979 - 0.9972 -
5%(DC2)  Droop (IC DC) 1.0079 - 1.0076 -
6%(DC 2) R 0.9970 - 0.9969 -

1 AC subgrid of the IHMG. 2 DC subgrid of the IHMG.

14 of 22

Table 7. Test results of the output power of the distributed energy resource (DER) in the 12-bus

IHMG system.

Bus Bus Type Unified PF Results MATLAB Results
PpRru QDR,n PpRru QDR,n
(p.u.) (p.u.) (p.u.) (p.u.)
1(AC Y Droop -0.1325 — -0.1361 —
4ACYH PQ 0.2668 0.2013 0.2698 0.2000
6(AC 1) Droop 0.5967 0.3034 0.5924 0.3001
ZdC(DC 2) P 0.6098 — 0.6092 —
34e(DC 2) Droop 0.0198 — 0.2001 —
49¢(DC 2) Droop 0.1998 — 0.1990 —

1 AC subgrid of the IHMG; % DC subgrid of the IHMG.

Table 8. Test results of the transferred power by interfacing converters (ICs) in the 12-bus IHMG system.

Ic Ael V2 g p2 Qd
(p.u.) (p.u.) (p.u.) (p.u.) (p.u.)

1* 0.038 09928  1.0086  —0.057 -

2o 0.052 0.9934 1.0079 -0.077 -

! The difference between the normalized AC frequency and DC voltage. 2 The AC voltage amplitude of ICs. 3 The

DC voltage of ICs. 4 The active power transferred by the IC. 3 The reactive power transferred by the IC.
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Table 9. Bus data for the 12-bus IHMG system.
MG  BusNo. JBus Vol DR PRt Qppt  wo my np
© Type (p-u.) Type MW Mvar (p-u.) (p.u.) (p.u.)
1 Droop 1.0 DS 0.8 0.6 1.0 0.0375 0.25
2 Droop 1.0 - - - 1.0 0.0625 0.4167
AC 3 zZ 1.0 - - - 1.0 - -
4 PQ 1.0 DG 0.48 0.36 1.0 - -
5 Droop 1.0 - - - 1.0 0.0167 -
6 PQ 1.0 DG 1.8 1.35 1.0 - -
1 Droop 1.0 - - - - 0.0781 -
2 P 1.0 DG 1.92 - - - -
DC 3 P 1.0 DG 0.48 - - - -
4 Droop 1.0 DS 0.6 - - 0.3125 -
5 R 1.0 - - - - - -
6 Droop 1.0 - - - - 0.25 -
Table 10. The data for the IC of the 12-bus IHMG system.
IC AC DC P;. Q;c w Vaco
No. Bus Bus (MW) (Mvar) °  (pu) Yp Yq
1 2 1 3.0 2.25 1.0 1.0 1.0  0.0667
2 5 5 3.0 2.25 1.0 1.0 1.0  0.0667
Table 11. Line/Load data for the 12-bus IHMG system.
Load Connected to from Bus
MG From To R (Q) X () P(MW) Q(Mvar)
1 2 0.02646 0.01323 -
2 3 0.04032 0.02016 0.4 0.3
AC 3 5 0.04032 0.02016 1.0 0.6
5 6 0.02646 0.01323 0.8 0.6
4 3 0.02646 0.01323 -
1 2 0.4340 - 0.6
2 3 0.2279 - -
3 4 0.4100 - -
bc 4 5 0.4340 - -
5 6 0.4100 - 14
6 1 0.2279 - 0.5

It was found that the proposed method can solve the power flow in 1.5 s, while the computational
time of the MATLAB software is about 20 s. Both the proposed algorithm and the MATLAB software
are capable of becoming steady at a frequency of 1.0021 p.u. The maximum bus voltage magnitudes
error and the maximum phase error are 0.06% and 0.07%, respectively. These results indicate the
accuracy of the proposed method.

5.2. Multi-DC Subgrids IHMG Test System

In this case, modes 1, 2, and 5 of the operation were compared and analyzed. The corresponding
test systems are presented in Figures 6-8, respectively. They indicate that two identical DC subgrids
with identical IC droop constants were connected to the 6-bus AC subgrid. Moreover, the DC subgrid
1 was connected to AC bus 2, whereas DC subgrid 2 was connected to AC bus 5. All AC/DC subgrids
were derived from the test system in case 1. In all three operational modes, the sum of ratings of power
supplies and one of ESSs of the IHMG system were the same, while the deployment and the primary
control approach adopted by each unit was distinct. Figures 6 and 7 indicate that grid-forming ESS



Energies 2019, 12, 2253 16 of 22

unit devices were only configured in the AC subgrid. Moreover, it is observed that the total output
power of the WT and the total ESS power rating of the AC subgrids are the same in Figures 6 and 7.
However, Figure 6 illustrates that the configuration of the ESS was aggregated because only one unit
was placed, and the configuration of the WT is distributed, with two same units placed. Figure 7 shows
that the topology of mode 2 is the opposite of that of mode 1. It should be indicated that mode 5 of the
operation was also tested in the multi-DC test system.

Bus1 Bus 2
1C1# Load 1 ¢— PVi

Bus 2

Bus 1 Load 1 [ i
ESs /S L, Bus 4
@ [_/ Load 3 «— @ PVs
— Load 2

Bus 4
WT1 %
Bus 1* Bus 2*
[ Load 1*¢— —@ PVi*
Bus 5 ] [ 7

WTa %@ |y Load3
—/”— Load ‘21
1C2f Bus 6* =
] [ Bus 4*

Load 3*

P @ PV
Bus 5* i

Figure 6. Multi-DC subgrids IHMG test system in mode 1.

Load 2 4_?118 6

Bus 3

Bus 1 Bus 2
IC1# Load 1 ¢ w PV:

Zal i

Load 2 ¢ Bus6

Bus 2 =
Bus1 Load 1
Bus 4
Bss O [ @ v

PV2

— Load 3 +

Bus 5

—» Load 2

Bus 1* Bus 2*
Load 1*¢— w PV:i*
Bus 5 ] [ </

WTa %@ |, Load3
— % Load 2*
12 Bus 6* =
W [ Bus 4*

Load 3* —]

@ PVs*
Bus 5* =

Figure 7. Multi-DC subgrids IHMG test system in mode 2.
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WTi % Bus 3
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Bus 1 Load 1
(\— |: Bus 4 ESS
¢ - &),
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v [J Load 3 «—
— Load 2

Bus 4
WTi %@,
Bus 1* E—.
Load 1* ¢ us 2 @ PV*
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B
WT2 M L, Load 3
— . Load 3:

*
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Load 3*
‘_
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Figure 8. Multi-DC subgrids IHMG test system in mode 5.

5.2.1. Algorithm Performance in the Normal Potation of the Multi-DC Subgrids System

Figure 9 illustrates the DC bus voltage profile of subgrid 1 in different modes, where subgrid 2
has an identical one.

1.02 — - —mode b5
g - - -mode?2
& 1 b
m - - -
g S Sitsieesl mode 1
£ ~ EREE
=098 ~
2 S
) ~ -
096 .
G
-

094 1 1 1 1 J

DC-1 DC-2 DC-3 DC-4 DC-5 DC-6
Bus of DC Subgrid 1

Figure 9. The DC bus voltage profiles of DC subgrid 1.

The present study intended to investigate the performance of the hierarchical structure, based on
the centralized and distributed controls. Modes 1 and 2 were based centralized control, while mode 5
belongs to the distributed control. Figure 9 shows that the general trend of the voltage distribution is
consistent in three modes. In mode 2, the voltage deviation was minimum because there were 2 ESS
units with distributed connection and lower ESS capacity, compared to that for mode 1. Moreover, it is
observed that mode 5 had the maximum voltage deviation. This may be attributed to several reasons,
such as: (1) The normalized droop control is adopted by ICs. Therefore, the AC frequency couples with
the DC voltage; or (2) there is no slack bus in the system. However, the distributed control has low
dependency on the communication and the locations of units in the system. In all modes, the frequency
and voltage deviations are compensated by the secondary control, which is not discussed in this study.
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5.2.2. Algorithm Performance in the Operation of the Multi-DC Subgrids IHMG System during
Load Fluctuation

A series of power flows were solved to evaluate the quasi-steady-state behaviors of the system in
different operational modes. Firstly, the AC load at the third bus of the AC subgrid increased from 0 to
0.6 p.u., then the DC load at the sixth bus of DC subgrid 1 increased from 0 to 0.3 p.u. It was intended
to investigate the influence of the control method of units on the dynamic characteristics of the IHMG
during the load fluctuation on a relatively fast time scale.

Figure 10 illustrates the frequency evolution of the AC subgrid in different modes during AC/DC
load fluctuation. AC load fluctuation occurs in the blue region, while DC fluctuation occurs in the
yellow region, subsequently. Figure 10 indicates that AC frequency is more affected by the load
fluctuation in the distributed control mode 5 in comparison to the centralized control modes 1 and 2.
Because the AC terminal of IC adopts the constant, the AC voltage control operates as a slack bus in
the AC subgrid in these modes. On the other hand, considering the distributed spatial layout and
increasing the number of ESS to 2, although there is the same total capacity in both modes, frequency
has a smaller deviation in mode 2 than the one in the mode 1.

. Lo1 .

= ——mode 1
&

%1005 L mode 2
) mode 5
g 1

<

S D —

60995 |

E

o

@

&= 0.99 I I I I I I I I |

0 01 02 03 04 05 06/0 01 02 03
increaseof AC/DC loads

Figure 10. The distribution of the AC frequency of IHMG for the fluctuating AC/DC load.

Figure 11 presents the evolution of the DC voltage of the sixth bus in DC subgrid 1 and the one of
the bus6* in DC subgrid 2 for modes 1 and 2. It was found that when AC load fluctuation occurs, the
DC terminal of the IC1 and IC2 is controlled in the constant V mode and it operates as the DC slack
bus. Therefore, there was a slight drop in the DC voltage amplitude. Figure 11 indicates that when
the DC load increases, the DC voltage amplitude drops. It was observed that the most serious drop
occurs in the sixth bus of DC subgrid 1, as the point of load fluctuation. In the no load fluctuation area
(i.e., DC subgrid 2), there was a slight drop in DC voltage. Moreover, the ESS units handled power
variations of the whole system, while the IC unit handles only the power variations in the DC subgrid
in modes 1 and 2.
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Figure 11. The distribution of the DC voltage of IHMG for the fluctuating AC/DC load.

It was found that the suppression of voltage deviation in mode 2 is better than the one in mode 1,
Because of thedistributed spatial connection of the ESS in mode 2 is better the aggregate connection of
the ESS in suppressing power variations.

Figure 12 illustrates the variation of ESS/IC’s performance in the power handling caused by the
load fluctuation in modes 1 and 2. In both modes, the IC1 transfers the same power from the AC to
the DC subgrid only when the DC load fluctuation occurs. It was found that the IC2 has no power
transmission for any DC load fluctuation in the DC subgrid 2. The total output power of the ESS unit
is the same in both modes. However, with different spatial configuration, the total output power of the
ESS with aggregate connection was averagely allocated two identical ESS units with the distributed
connection. It is concluded that the latter is more effective in suppressing the power variation.

1 -
o0
4 08 ¢ -Power of IC 1# in mode
g - 1/mode 2(p.u)
T 206 F
:go ﬁ_: Power of IC 2¢ in mode
- = 2(
- g 04 1/mode 2(p.u)
g Power of ESS in mode
é 02 F 1(pw.)

0 Power of ESS 1#/ESS 2# in

0 01 02 03 04 05 060 01 02 03 mode 2(p.u)

increaseof AC/DC loads
Figure 12. Distribution of the output power of the ESS/IC in IHMG for fluctuation AC/DC load.

6. Conclusions

ESS and IC units play a decisive role in the frequency and voltage stability of the AC/DC IHMG.
In widely applicable hierarchical control architectures, there are various primary control modes adopted
by units for maintaining the stable operation of the IHMG. In the present study, a new PF model was
proposed for analyzing various operating characteristics of the IHMG system in adopting different
primary control methods. The proposed model applies the unified equation and can solve the PF
problem for the AC and DC portions of the IHMG simultaneously. Employing three binary matrices as
the input parameter of the unified equation, five operation modes of the IHMG with different primary
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control strategies and component structures are described, which shows the high degree of flexibility
of the proposed PF model. The effectiveness of the new PF model was investigated by comparing the
calculated results with the simulation solution of the MATLAB software.

It was found that when in the hierarchical structure based on centralized control, the IHMG
system displayed more performance in suppression of frequency and voltage fluctuations. However,
the spatial layout and the size of the components affect the operation of the IHMG in centralized
control. In the hierarchical structure based on distributed control, the IHMG is relatively affected by
load fluctuation but still works in a safety boundary. Moreover, the IHMG is slightly affected by the
location, size, and deployment of the components in the distributed control. The PF solution enables
the use of lower-size and distributed configuration of energy storage systems, and it achieves better
effects for suppressing power variations.

In this paper, a deterministic power flow technique for analyzing the steady and quasi-steady
operation of the IHMG was proposed. However, considering the intermittent and volatile nature
of RESs and inevitable errors in load and generation forecasts, an efficient and robust power flow
algorithm is required. Especially, it is necessary to consider the impact of the uncertainty factors of
IHMG [47]. Further work is planned for these complexities in IHMG.
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