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Abstract: The AC/DC hybrid microgrid has a large-scale and complex control process. It is of great
significance and value to design a reasonable power coordination control strategy to maintain the
power balance of the system. Based on hierarchical control, this paper designs a reasonable power
coordination control strategy for AC/DC hybrid microgrid. For lower control, this paper designs a
variety of control modes for each converter in different application scenarios. For the higher control,
this paper analyzes the working mode of the system and designs the power coordination control
strategy under the grid-connected and isolated island mode. In grid-connected operation, the DC bus
voltage can be stabilized by adjusting the operation mode of the DC energy storage and the on-off of
the secondary load. In isolated island operation, the DC sub-microgrid is the main microgrid, and the
DC energy storage is the main power regulating equipment. This is based on the principle of “energy
is in short supply in the system, DC energy storage finally discharge, energy supply exceeds demand
in the system, DC energy storage gives priority to charging” of DC energy storage. By adjusting
the control strategy of the micro-source, the reference power, and the on-off of the secondary load,
the overall power balance is maintained. The Matlab/Simulink simulation software was used to build
the AC/DC hybrid microgrid simulation model, which verified the effectiveness and stability of the
proposed power coordination control strategy under various operating conditions.

Keywords: AC/DC hybrid microgrid; hierarchical control; system working mode; main microgrid

1. Introduction

With the continuous update and development of science and technology, especially the continuous
improvement of power electronic interface technology and modern automatic control theory, a small
power generation, distribution, and electricity system “microgrid” has been formed, which integrates
distributed generation (DG), energy management system, and load [1]. Whether it is AC microgrid
or DC microgrid, when AC load and DC load coexist, a large number of converters are needed in
the microgrid for electrical energy conversion, which will cause a certain amount of energy waste
and increase economic costs [2]. The typical AC/DC hybrid microgrid is composed of AC subsystem,
DC subsystem, and interlinking converter (ILC) [3]. The AC load and DC load can be connected to AC
bus and DC bus, respectively, which can greatly reduce the number of power electronic converters
and reduce unnecessary power loss. It is considered to be the mainstream structure of microgrid in
the future.

The AC/DC hybrid microgrid can solve the problem of power conversion of the load because it
contains one or more interlinking converters, various forms of DG, and energy storage units. How to
reasonably control each power electronic converters to ensure the stability of the microgrid system has
always been the research focus of experts and scholars.
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Power control is the most important control mode in AC/DC hybrid microgrid. It is necessary
to consider not only the control strategy of AC sub-microgrid and DC sub-microgrid but also the
overall control strategy, that is, to ensure that power can flow in both directions between AC and
DC sub-microgrid [4]. The power control for the DC microgrid is as follows: In Reference [5],
Karlsson P et al. first used the droop control with different droop coefficients to rationally distribute
the power of the system load. In Reference [6], Dragicevi¢ T. et al. proposed a hierarchical control
strategy. The lower controller is used to divide the current equally, and the higher controller is used
to recover the voltage, which can effectively solve the problem of bus voltage deviation. Anand S
and others used global communication to obtain the output current of DG, and adopt an average
current sharing control strategy to recover the bus voltage [7]. The power control of the AC microgrid
is as follows: In Reference [8], Prodanovic M. et al. proposed a centralized control method, which
consists of a centralized controller and a local controller. Among them, the centralized controller is
responsible for calculating the reference value of the output current loop of each converter and then
using the high-speed communication line to send to each converter, and finally being controlled by
the local controller. In Reference [9], Mazumder SK et al. proposed to use of master—slave control
technology, which includes a master converter and several slave converters. Each slave converter
needs to track the output current of the master converter. The power control of AC/DC hybrid
microgrid is as follows: In Reference [10], Simpson-Porco ] W et al. adopted master—slave control
technology to realize smooth and reliable energy exchange on both sides of the AC/DC hybrid microgrid.
In Reference [11], Wang, H.Y. et al. proposed a hierarchical control strategy based on drooping control.
Due to the different impedance between low-voltage and traditional high-voltage microgrids connected
to transmission lines, the power coupling problem was caused. In Reference [12], Pequito S. et al.
proposed a decentralized controller method for a large system, which is mainly divided into two layers.
The first layer, through pretreatment, gives the relevant state matrix of the closed-loop system two ideal
structural characteristics: there is no structural fixed mode. In the second layer, the control scheme
can be chosen arbitrarily according to the needs, so that the method has diversity. In Reference [13],
I. Kondratiev et al. proposed an improved layered control strategy to increase coordination ability in
the original cooperative control theory characteristics and solved a series of problems that could not be
solved by traditional linear methods. In Reference [14], L.D. Mrainovici proposed a new distributed
hierarchical control architecture, which can help to recover the frequency faster and more accurately
during the primary frequency control, effectively suppress the interference in the system, improve the
transient dynamics of the geographic system, and has good robustness. However, none of the above
methods has made deep research on distributed generation unit control. In summary, for the actual
operation of the microgrid, only relying on the self-regulation of the lower converter cannot meet the
needs of all operating conditions, so it is necessary to further improve the overall control strategy of
the AC/DC hybrid microgrid.

In view of the above analysis, this paper takes the AC/DC hybrid microgrid of parallel interlinking
converters as the research object. Based on the hierarchical control, respectively, it studies the control
strategy of the lower converter and the coordinated control strategy of the overall operating power in
the AC/DC hybrid microgrid. For the lower converter, this paper sets one or more control strategies
for each unit to meet the needs of different situations. For the higher central controller, this paper
analyzes the power balance relationship in the AC/DC hybrid microgrid under different operating
conditions and designs the power coordination control strategy of AC/DC hybrid microgrid under
grid-connected and isolated island conditions. Since the droop control model in the paper is a concept
under steady-state, there is no dynamic. In this paper, the transient state with a large jump is not
considered for the time being. So, this paper mainly focuses on the study of switching control under
the stable state of the system. Finally, the simulation model of the overall AC/DC hybrid microgrid
was built in Matlab/Simulink, and different experimental situations are set to verify the effectiveness of
the designed power control strategy.
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The rest of the article is shown below. Section 2 introduces the topology and control framework of
the AC/DC hybrid microgrid studied in this paper. Section 3 establishes each unit model and analyzes
the control strategy of the lower converter. Section 4 describes the power coordination control strategy
of the AC/DC hybrid microgrid designed in this paper under the condition of grid-connection and
isolated island. Section 5 describes related experiments and analyzes the experimental results. Finally,
Section 6 concludes.

2. System Configuration of AC/DC Hybrid Microgrid

2.1. System Topology of AC/DC Hybrid Microgrid

The AC/DC hybrid microgrid system studied in this paper belongs to a typical topology
structure [15], including AC sub-microgrid, DC sub-microgrid, and interlinking converter, and the
system is incorporated into the public grid by the AC bus. Its topology is shown in Figure 1.
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Figure 1. System topology of AC/DC hybrid microgrid.

It can be seen from Figure 1 that in the DC sub-microgrid, a group of photovoltaic units is
connected to the DC bus by Boost converter, and the other group of batteries is connected to the DC bus
by Boost/Buck converter as DC energy storage. In the AC sub-microgrid, a group of photovoltaic units
is connected to the AC bus through the Boost converter and DC/AC converter, and a group of batteries
is connected to the AC bus as AC storage energy through Boost/Buck converter and bidirectional
AC/DC converter. In order to increase the capacity of power flow between sub-microgrids, two parallel
bidirectional AC/DC interlinking converters are placed in the middle of the system as a bridge to
connect the two sub-microgrids.

2.2. Hierarchical Control Architecture of AC/DC Microgrid

Hierarchical control refers to the microgrid control technology that uniformly manages the lower
converter and load through the higher central controller [16]. Based on this, for AC/DC hybrid
microgrid systems, the factors to be considered in isolate mode and grid-connected mode are often
different. For example, in grid-connected operation, due to the support of the public power grid, it is
not necessary to consider the voltage and frequency regulation of the AC bus. However, the voltage and
frequency of the AC bus must be kept stable when performing isolated island operation. Furthermore,
the lower converter often needs to prepare multiple control modes to switch or adjust in different
situations. The control architecture adopted in this paper is shown in Figure 2.
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Figure 2. Hierarchical control architecture of AC/DC hybrid microgrid.

In the DC sub-microgrid, when the DC side photovoltaic #1 is connected to the grid, in order
to provide more power and make full use of solar energy resources, it generally works at maximum
power point tracking (MPPT) mode [17]. During isolate island operation, the DC side photovoltaic #1
can be controlled by MPPT. However, when the generating power of the system is greater than the
limit of its own consumable power, it is not suitable to work at the maximum power point. Therefore,
the power-DC bus voltage (P — Uj.) droop control is adopted to limit its power output [18]. When the
DC side battery #1 is connected to the grid, the method of bus constant voltage control can be adopted
to maintain the DC bus voltage stability with the interlinking converter, or it can also be charged at a
constant voltage within its own tolerance. When isolating island operation, in addition to constant
voltage control, the DC side battery #1 usually adopts droop control and photovoltaic #1 to regulate
DC bus voltage and increase system autonomy. In addition, the state of charge (SOC) of the battery
is also a key factor to be considered in the design of control strategy and to avoid overcharge or
overdischarge [19].

In the AC sub-microgrid, when connected to the grid, the AC side photovoltaic #2 needs to
be controlled by MPPT as well as the DC side photovoltaic #1, and the AC side battery #2 can be
control charging according to its SOC constant power (P/Q). In isolated island, when the overall power
consumption of the system is low, the AC side photovoltaic #2 and battery #2 can adopt P/Q control to
achieve the supply and demand balance of AC side power and reduce the working frequency of the
interlinking converter.

In this paper, two parallel interlinking converters are used to exchange power between the AC
and DC sub-microgrids. In the grid-connected mode, constant voltage control and DC side energy
storage units are used to maintain the DC bus voltage stability. In isolated island mode, constant
voltage and constant frequency (V/F) control is adopted to regulate the AC bus voltage and frequency.

3. Distribute Generation Unit Model and Lower Converter Control

3.1. Photovoltaic Power Generation Unit Model and Control Strategy

The photovoltaic cell is the smallest unit of a photovoltaic array. It is a kind of semiconductor
device that uses the photovoltaic effect to convert light energy into electric energy directly [20].
When the light intensity is constant, the photo-generated current is basically constant, so it can be
equivalent to a constant current source. When the photo-generated current passes through the load,
the terminal voltage will be formed on the load. This voltage will cause the positive-negative (PN)
junction to be forward-biased and generate the dark current that is opposite to the photo-generated
current. At the same time, because the material of the photovoltaic panel itself has a certain resistivity,
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it is equivalent to a resistor Rs connected in series with a constant current source. In the manufacturing
process, process defects will cause leakage current of photovoltaic panels. In order to eliminate errors,
parallel resistance Ry, is introduced [21]. Combined with the above analysis, the equivalent physical
circuit model of the photovoltaic cell is shown in Figure 3.

Iph—) I —>»
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Figure 3. Physical circuit model of the photovoltaic cell.

In practical application, it is difficult to determine some parameters in the physical circuit model
shown in Figure 3. Therefore, the engineering model is generally adopted [22]. Equation (1) is shown
as follow:

u
I =14 — Cllsc[exp(czu )— 1], 1)
ocC

where C; and C; are defined as:

{q:ﬂ—@wmwﬁﬂl @
C = (g -D[ma-2)] '

where I, is the short-circuit current of the photovoltaic cell under standard test conditions, U, is
the open-circuit voltage, I, is the maximum power point current, and U, is the maximum power
point voltage.

The voltage of a single photovoltaic cell is relatively low. So, in practice application, it is often
necessary to connect multiple photovoltaic units in series to form a photovoltaic array. When the output
voltage and current of the photovoltaic cell are U and I, respectively, the output voltage Upy_array and
Ipv_array current of the photovoltaic array are expressed as:

, ®)

{ upv_array = NsU
Ipv_array = Npl

where N and Ny, are the series and parallel number of photovoltaic cells.

In this paper, both photovoltaic #1 and photovoltaic #2 use perturbation and observation method
(Perturbation and Observation, P&O) to realize MPPT control [23]. This method uses a fixed step size
to reduce or increase the input reference voltage of the converter, thereby moving the operating point
closer to the maximum power point. Compared with other MPPT methods, the P&O method requires
fewer sensors, has lower calculation complexity, and is simple to implement. The control strategy of
DC side photovoltaic unit photovoltaic #1 is shown in Figure 4.
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Figure 4. The DC side photovoltaic #1 control strategy.

As can be seen from Figure 4 that in photovoltaic #1, in addition to MPPT control, in order to
improve the autonomous ability or power-limited operation during isolated island operation, this paper
adds droop control PSZ — Uq4c, which can be expressed as:

Uge = UE + kg (PR - PEY), )

where Uy, is the DC bus measurement voltage, Uéecf is the reference voltage of the DC bus, PSZ is the

measured output power of the DC side photovoltaic #1, PSZ‘ref is the reference output power of the DC
side photovoltaic #1, k; is the voltage-power droop coefficient, k1 = (UJ™ - Ug‘ci“) / PEZ‘maX.

When MPPT is controlled, it may happen that the power generated by the system is greater than
the maximum consumable power. In this paper, P/Q control is considered as an alternative control in
the control of photovoltaic #2. The control strategy of photovoltaic power generation unit photovoltaic
#2 on the AC side is shown in Figure 5.
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Figure 5. The AC side photovoltaic #2 control strategy.
3.2. Battery Energy Storage Unit Model and Control

The relationship between the internal parameters of the battery is complex, and there is a nonlinear
relationship between these parameters. So, the modeling of the storage battery is also the research
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focus of relevant experts. For the convenience of modeling, the general basic model is selected in this
paper. Its physical circuit model is shown in Figure 6, which is formed by the controlled voltage source
and an equivalent internal resistance in series [24].

I battery »
O

| S

Rbattery +
A
v U

U bat
battery

Figure 6. General physical model for batteries.

In this paper, the “Battery” module in Matlab/Simulink is selected as the model of battery energy
storage unit, and the lithium-ion (Lithium-Ion) battery model is used. When the controlled voltage
source is discharged, the unload voltage is:

ubat’tery = U - kQ_L

I (Ibattery + I;)attery) +4 eXp(_BIl*)attery) : ®)
battery

When the controlled voltage source is charged, the unload voltage is:

k-Q- Ibattery k-Q- I‘:)attery

ubattery =Up - * " +A eXP(—BIf, t )/ (6)
01Q+ Ibattery Q- Ibattery e
where, If)attery = f Ipatterydt is the actual charge and discharge capacity of the battery, Uy is the rated

voltage of the battery, k is the polarization voltage, Q is the battery capacity, A is the voltage drop in
the exponential domain, B is the reciprocal of the time constant in the exponential domain.

The output voltage and SOC are two important variables of the battery. For the general basic
model, they are defined as:

Upat = ubattery - Ibatterbeattery/ @)
I*
b

S0C= 100(1+ agery J ®

where Rpattery is the equivalent internal resistance of the battery.

In this paper, the battery energy storage units are connected to the AC and DC sub-microgrids.
When connected to the public grid, the DC side battery mainly works with the interlinking converter
to maintain the DC bus voltage stability, and the constant voltage charging is used when the battery
charge is low. In the isolated island, the droop discharge is used to stabilize the DC bus voltage within a
certain range. If the photovoltaic unit power generation power is greater than the power consumption,
the constant voltage control charging of the DC bus is required. In addition, to protect the battery,
the SOC charge and discharge threshold should be set.

The battery #1 of the DC side battery energy storage unit is connected to the DC bus through a
Boost/Buck circuit, and its control strategy is shown in Figure 7.
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Figure 7. The DC side battery #1 control strategy.

In Figure 7, the droop control of battery #1 can be expressed as:
Uge = U + kp (PReF — phat), )

where, Uy is the DC bus measurement voltage, U(rfcf is the DC bus reference voltage, Plc’lit is the
measured output power of the DC side battery #1, Pgit—ref is the reference output power of the
DC side battery #1, k; is the voltage-power droop coefficient. When battery #1 is in rechargeable

and dischargeable mode, Pgiuef: 0,k = (Ug;ax - Ugg“)/ ZPZit*maX. When battery #1 can only be

dischareed Pbat_ref -0 5Pbat_max kr = (umax _ umin) / Pbat_max
8 Fdc T dc 2 dc dc dc ’
The control strategy of battery #2 in the AC side battery energy storage unit is shown in Figure 8.
The voltage is boosted by the Boost/Buck circuit, then connected to the AC bus through a bidirectional
DC/AC converter and filter circuit. The power instruction of the central controller is received during

operation, adopting P/Q control to absorb or output power.

X
ar ref
Tljdc

Constant
voltage control

Figure 8. The AC side battery #2 control strategy.
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3.3. Interlinking Converter Model and Control

The interlinking converter is a key module to connect AC sub-microgrid and DC sub-microgrid.
In this paper, the interlinking converter adopts a three-phase pulse width modulation (PWM) converter.
In order to increase the power exchange capacity, the two converters are connected in parallel. The main
circuit topology of the interlinking converter used in this paper is shown in Figure 9 [25].

E
Y

J J J
So )| Sio )| So [N

Figure 9. Interlinking converter topology.

In this paper, the interlinking converter adopts different control strategies in grid-connected
and island modes. When connected to the grid, the voltage and frequency of the AC bus are stable,
so constant voltage control (unit power factor control) is adopted to maintain the DC bus voltage.
In isolated island, V/F control is used to control and stabilize the voltage and frequency of the AC bus.
The control strategy of a single interlinking converter in this paper is shown in Figure 10.
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Figure 10. Interlinking converter control strategy diagram.

4. Higher-Level Power Coordination Control Strategy

4.1. Multi-System Mode Power Coordination Control Strategy in Grid-Connected Operation

In grid-connected operation, the AC bus is directly connected to the public power grid, and its
voltage and frequency will remain stable. Therefore, this section focuses on adjusting the DC bus
voltage. For the DC sub-microgrid, it is necessary to maintain the power balance together with
the photovoltaic power generation unit photovoltaic #1, the energy storage unit battery #1, and the
interlinking converter on the DC side. In order to maximize the utilization of solar energy resources,
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photovoltaic power generation units will operate in MPPT mode. Besides, to maintain the DC bus
voltage stability, the interlinking converter adopts DC bus constant voltage control.

To maintain the DC bus voltage, the DC side battery #1 and the interlinking converter need to
work together, and the state of charge is an important factor to determine whether the battery can be
charged or discharged. Therefore, the state of charge SOCq. of battery #1 is taken as an important basis
for the division of system mode; the maximum value is SOCﬁ‘CaX and the minimum value is SOC;{S“.
At the same time, since the photovoltaic power generation unit operates in MPPT mode, the power PSZ
emitted by the DC side photovoltaic #1 is constant under steady-state, and the power Pg’cad absorbed
by the DC load when the voltage is stable and also constant. Therefore, the balance between the two
is also one of the bases for the division of system mode. The power Pg‘zt of the DC sub-microgrid is
defined as:

Pt = Y plod, 0)

In addition, for the interlinking converters, the transmission direction from the AC side to the DC
side is set to be positive, the maximum conversion power of a single interlinking converter is PI'¥", and
the maximum conversion power of two parallel converters is P& = 2 x P1'@X. Therefore, the actual

conversion power P ¢ of the two interlinking converters will a{;gsbe referfég to in the system mode
division. In summary, the operation mode is analyzed according to the situation:

(1) SOCq4c = SOCT

At this time, the DC side battery #1 has reached the maximum charged state, can only discharge.
When Pgit > 0, the DC load is not enough to consume the power generated by the DC side photovoltaic
#1. In order to protect the battery, battery #1 should be in a standby state, and the excess power
generated by photovoltaic #1 should be transmitted to the public grid by an interlinking converter.
The power balance relationship can be expressed as:

PRY 4 Prcs = P, (11)
where Py cs < 0, the interlinking converter is in the inverter state.

When Pg‘zt < 0, the generation power of photovoltaic #1 on the DC side is greater than the
consumption power of the load, resulting in the DC bus voltage drop. For faster adjustment to stabilize
the DC bus voltage, battery #1 should be in the DC bus constant voltage mode and adjust the DC bus
voltage to the rated value together with the interlinking converter. The power relationship at balancing
is as follow:

PPV + Py e + PR = Plpad, (12)

where Pgit > 0 indicates the output power of battery #1 and Py cs > 0 indicates that the interlinking
converter is in a rectified state.

In addition, even in the situation of grid-connection, the load power on the DC bus cannot be
allowed to increase indefinitely because the interlinking converter capacity is constant. Therefore,
when Pgit <0and Py cs > PI%,, the secondary load on the DC side should be cut off to protect the
normal operation of the converter.

(2) SOCq. < SOCTIn

This situation indicates that the DC side battery #1 has reached the minimum charged state and
cannot continue discharging, but it can be charged. The battery should be switched to a constant
voltage charging state, limiting its maximum current to be no greater than 0 and charging at rated
voltage, and the power balance relationship can be expressed as:

PR+ Prics + PRt = P2, (13)

where Pgit < 0 indicates that the DC side battery #1 absorbs power.
Although the DC side battery #1 is in constant voltage charging mode at this time, the power
source is different. When P > 0, it means that although the battery power is low, the output power
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of the photovoltaic unit is sufficient to meet the demand of the DC load. Therefore, on the premise
that the interlinking converter maintains the DC bus voltage, battery #1 can absorb the excess power
generated by the photovoltaic unit at a constant voltage. When P < 0, the internal power supply of
the DC sub-microgrid is scarce, but the capacity of the interlinking converter does not reach the rated
value and battery #1 can still absorb power from the public grid in a constant voltage charging state.
If Prcs > PJe, first put battery #1 in the standby state, and then continue to determine whether the
interlinking converter is overloaded. If so, remove the DC load, otherwise, it will operate normally.

3) SOCg‘Cirl < 50Cq4c < SOCT™

In this mode, the DC side battery #1 is in the normal range of charging and discharging.
When P5¢' > 0, the running state at this time is the same as SOCqc < SOCE“;“. Because battery #1 is
charged at a constant voltage. Then SOCq4. will be greater than the minimum threshold, the power
balance relationship can also be expressed as (13). When P" < 0, the system running state under this
condition is the same as SOCqc > SOCF?. Because battery #1 constant DC bus voltage discharge, after
a period of time, SOCq4. will fall below the maximum threshold, and the power balance relationship
can also be expressed as (12).

Based on the above analysis, this paper divides the control strategy of the whole AC/DC hybrid
microgrid system into multiple modes during grid-connected operation. The central controller needs
to send commands to the lower converter in accordance with the power coordination control strategy
to ensure the normal flow of power, as shown in Figure 11.

Determine SO
status

SOCI™ < SOC,, < SOC™

soc,. <socy"

X

1 Soc, =SsoCr™

Battery #1 Battery #1
Consrtyam Comrtymt Battery #1 Battery #1 stands by,
voltage voltage constant and the excess power
charging charging DC bus flows into the public

voltage power grid through the

discharge .
N interconnected
P > Pmax
ILCs ILCs converter.
Y
Battery #1 N
standb

Y
Cut off secondary Cut off secondary
load load
J v ' v 3 '

<

Figure 11. Power coordination control strategy of AC/DC hybrid microgrid during grid-connected operation.
4.2. Multi-System Mode Power Coordination Control Strategy in Isolated Island Operation

In isolated island operation, the whole AC/DC hybrid microgrid system does not have the support
of the public power grid, and the power balance of the entire system needs to be considered during
control, so the control process is more complex than when it is connected to the grid. This paper adopts
the mode of DC sub-microgrid as the main micro-grid, and the interlinking converter needs to work
in the V/F control mode to maintain the voltage and frequency stability of the AC bus. In order to
improve the utilization rate of solar energy, the DC side photovoltaic #1 will be in MPPT mode at
the initial moment. The AC side photovoltaic #2 can work in MPPT or P/Q control mode. Moreover,
the AC side energy storage unit battery #2 works in P/Q control mode. At the same time, battery #2 is
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regarded as an energy storage device with rated charging and discharging power, regardless of its
SOC. During operation, the control mode of battery #1 should be switched according to the power
balance state. Meanwhile, the reference power of photovoltaic #2 and battery #2 should be adjusted.
When the system is overloaded, the secondary load should be cut off.

Since the DC sub-microgrid is the main microgrid, the charging state of DC side battery #1 is still
an important basis for operation mode analysis. The power P! . of the hybrid AC/DC microgrid in
isolated island is defined as:

pret PSZ + Pl;’;f _ Pg)cad _ Pload (14)

island ac
where P92 ig the absorbed power of the AC load and P! is the output power of the AC side
photovoltaic #2.
According to the SOC operating mode in isolated island, the analysis is as follow:
(1) SOCq4c = SOCT

The DC side battery #1 reaches the maximum power and cannot continue to charge. If Pg‘f:m 420

the power generated by DG in the whole microgrid system is greater than the total power consumed
by the AC and DC side loads, so measures need to be taken to reduce the power generated. First,
we should consider whether AC side battery #2 can be used for charging to maintain power balance.

If the rated output power of battery #2 is g’gt—N > Pret  then battery #2 can be used to absorb excess
island

power. At this time, set the reference power P22-*f of battery #2 as:

ngt*ref — _pnet (15)

island*

If the AC side battery #2 cannot absorb excess power, consider adjusting the output power of

the photovoltaic unit. If photovoltaic #2 is in P/Q control mode at this time, then the reference power

PPy ~f needs to be adjusted as:

_ref load load bat_N
PR = Piad 4 pload 4 poatN — pEY (16)

ac dc

If the AC side photovoltaic #2 is in MPPT mode, then adjust the DC side photovoltaic #1 to limit
power droop control. The final power balance relationship is:

b load load
P+ ng + Ppoat — pload .t pload, (17)

When P'¢' <0, it means that the generating power of the system micro source is not enough to
island

maintain the normal operation of the system load. Therefore, first, the DC-side battery needs to be

in Pzit — Ug. droop control output power. Then, judge whether the AC side battery #2 can meet the

system vacant power. If so, in order to reduce the output of battery #1, set phatref reference (15).

If the rated power of the AC side battery #2 is PE?LN < —Pnet  then the DC side battery #1 output

island”
power is required and its rated power is set to Pgith. If the combined output of battery #1 and battery

#2 can meet the vacant power, then the system can remain stable. When PE?—N + Pzit—N + P?j:m 42 0,

the system will be in a new equilibrium state, and the power balance relationship is:

PR 4+ PR st (= 0. (18)

island

If the joint output of the AC and DC batteries cannot meet the vacant power, the system is
overloaded and the secondary load needs to be cut off.

(2) SOCq4, < SOCI;E“

In this state, the DC side battery #1 cannot continue to discharge. When P1¢' = > (0, set battery

island =
#1 to constant voltage control mode. Due to the system power redundancy, the DC bus voltage will
net

increase, so battery #1 will start charging. If P; — PPN < 0, it means that the excess power can be
island dc
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absorbed into the battery within the rated power of battery #1. At this time, the power balance state
can be expressed as:

bat t
Pdi + Pgﬁand =0. (19)
In the situation of Pir;?;n qa= PZaCLN > 0, the AC side battery #2 is also required to absorb power.
When P?Sifm i phatN _ Ps‘zt—N < 0, it means that when the batteries on the AC and DC sides absorb the

excess power together, the system can reach a new balance. At this time, PRt should be set to:

bat_ref __ pnet bat_N
Pac =P island — p de 7 (20)

where the minimum value of P23 s 0.
When P?j;n q= phat-N _ Pg‘zt—N > 0, it means that the power generated by the micro-source is too

much. At this time, the processing method is the same as when SOCy4. > SOCJ®*. The AC side battery

#2 absorbs power at rated power. When the AC side photovoltaic #2 is in P/Q mode, Ph. ~f should be
set to:

phy-"ef — pload | pload 4 pbat-N | pbatN _ phv. (21)

If Pﬁ;n 4 <0, then the DC side battery #1 cannot continue to discharge. Therefore, it is necessary
to refer to whether the AC side battery #2 can meet the vacant power of the system. If so, then set its
reference power as shown in (15). If not, the secondary load needs to be cut off.

(3) SOCTIM < SOCyc < SOCT

In this mode, the DC side battery #1 can both charge and discharge. When Pg?;n 4 > 0, the system
running state is the same as SOCq4. < SOCg‘Cm. Conversely, when P! | <0, the system running state
is the same as SOCq4. = SOCT™.

In summary, the power coordination control strategy of the AC/DC hybrid microgrid when

off-grid is formulated is shown in Figure 12.

Determine SOC
status

50Cy™ < SOC, < SOCI™

soc,, <socm™ s0C,, > S0C™

Battery #1 Battery #1
constant DC bus droop control
voltage control

13«1)\‘ S _pne
ac

islany

Y

bat_ref _ _ pnet
R =-R

island

net bat N
Pl P

island

Cut off
secondary load

bat_ref net
prevret — pret net s, pv_ref _ pload load
= P, w20 s o pi s p
bat N ppv
+RS - R
Y
PV#1 changed to pronrel = phaN
ac ac

droop control

—

})azviref — B‘Icoad +Pdl:ad + Cut off PV#1 changed to
load droop control

bat N pbat N _ ppv seconda
BTHRT —Re

Figure 12. Power coordination control strategy of AC/DC hybrid microgrid during island operation.
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5. Simulation Analysis

In order to verify the effectiveness of the power control strategy designed in this paper in the
hybrid microgrid, the simulation control model as shown in Figure 1 was built in Matlab/Simulink.
The basic parameters in the simulation system are shown in Table 1, in which the power is active power.

Table 1. Basic parameters of AC/DC hybrid microgrid simulation.

Parameter Symbol Value Unit
AC bus rated line voltage uref 380 14
AC bus rated line frequency fref 50 Hz
DC bus rated line voltage urdecf 650 14
Battery #1 rated power Pzzt— 20 kw
Battery #1 maximum threshold of state of charge S50Cy™ 90% -
Battery #1 minimum threshold of state of charge SOCg‘Ci“ 10% -
Battery #1 capacity shat 50 Ah
Battery #1 rated voltage UgiLN 200 1%
Battery #1 droop control coefficient ko 15 V/KW
Reference power when battery #1 droops and discharges Pbiuef 10 kw
Maximum power under photovoltaic #1 standard condition PSZ‘maX 18 kw
Photovoltaic #1 droop control coefficient kq 1.67 V/kW
Reference power for photovoltaic #1 droop control Pp‘cLref 9 kW
Battery #2 rated power P§2LN 10 kW
Maximum power under photovoltaic #2 standard condition phy-max 29 kw
Filter capacitor C 10 uF
The capacity of a single interlinking converter S 15 kVA

5.1. Simulation of Power Control Strategy in Grid-Connected Operation

Since the AC bus is directly connected to the public power grid during the grid-connected
operation, the changes of the power, voltage, frequency, and other values of the AC side microgrid are
not analyzed.

(1) Case 1

When the system works in grid-connected mode, the DC side photovoltaic #1 and the AC side
photovoltaic #2 work in MPPT mode. The initial SOC of the DC side battery #1 is set to 10%, the AC
side battery #2 works in P/Q control mode, and the initial SOC is 90%. The active power of the AC load
is 50 kW and remains unchanged. The interlinking converter works in the DC bus constant voltage
control mode.

During the operation of the system, the ambient temperature remains unchanged at 25 °C,
the initial light intensity is 1000 W/m?, and the DC load power is 2 kW. At 2 s, the light intensity
was reduced to 800 W/m?. At 3 s, the DC load power increased to 8 kW, and at 6 s, the light
intensity continued to decrease to 600 W/m?, while the DC load power continued to increase to 14 kW.
The simulation results are shown in Figure 13.

As can be seen from Figure 13c, at the beginning of the system operation, if the DC side battery
#1 is discharged, and the state of charge will instantly fall below the minimum threshold of 10%.
Therefore, the system will operate according to the situation of SOCq4. < SOCS“Cirl in Figure 11, where
battery #1 will be charged at a constant voltage.
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(a) Power flow of DC sub-microgrid and interlinking converter.
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Figure 13. System simulation curve of case 1 in grid-connected operation. (a) is the power flow
of DC sub-microgrid and interlinking converter in grid-connected mode; (b) is DC bus voltage in
grid-connected. (c) is the Battery #1 state of charge in grid-connected.

According to Figure 13a, form 0 s to2 s, the DC side photovoltaic #1 will work in the standard
environment with an output power reaching 18 kW and the DC load power reaching 2 kW, resulting in
Pg‘ét > 0. The excess power of the DC sub-microgrid will be absorbed by the DC side battery #1, but its
charging power will not reach the maximum value soon, and the battery charging current will increase
slowly. Therefore, the power flowing to the large power grid through the interlinking converter
gradually decreases. From 2 s to 3 s, the light intensity decreases, and the output power of DC side
photovoltaic #1 is about 14 kW. At this time, the load power remains unchanged, and the charging
power of DC side battery #1 continues to increase, so the power transmitted from the interlinking
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converter to the public grid is getting less and less. At 2.5 s, the power of the interlinking converter
changes from negative to positive, and the power generated by DC side photovoltaic #1 is not enough
to maintain battery #1 charging and load consumption. From 3 s to 6 s, the light intensity is unchanged,
and the load power is increased to 8 kW. At 3.2 s, the charging power of battery #1 on the DC
side reaches the maximum value, about 21 kW, so the power of the interlinking converter is also
stable at about 15 kW. From 6 s to 8 s, the DC load power continues to increase to 14 kW, while
the DC side photovoltaic #1 output power decreases to 10 kW, resulting in Pgit < 0. Furthermore,
the power of DC side battery #1 is still below the minimum threshold and continues to be charged
at a constant voltage. At this time, the absorbed power of the DC sub-microgrid is mainly provided
by the interlinking converter from the public power grid, and about 25 kW, which does not reach its
maximum transmission power.

Figure 13b shows the DC bus voltage fluctuations, from which it can be seen that the voltage is
stable at the rated value of 650 V at about 0.8 s. Due to the change of system power, there is a slight
fluctuation at 2 s, 3 s, and 6 s, but the rated value is quickly restored.

(2) Case 2

When the temperature is kept at 25 °C and the light intensity is kept at 1000 W /m?, the system is
connected to the grid, and the DC side photovoltaic #1 and AC side photovoltaic #2 work in MPPT
mode. The initial SOC of DC side battery #1 is set to 95%. The initial conditions of AC side battery #2,
interlinking converter, and AC load are the same as in case 1. At the initial moment of the system,
the DC load power is 10 kW. At 3 s, the DC load power increases to 18 kW. At 6 s, the DC load
continues to increase, and the power reaches 28 kW. According to the system setting, the charge state
of DC side battery #1 is above the maximum threshold of 90% at this time, so the system will operate
as SOCq4c = SOCE‘CaX when connected to the grid. The simulation results are shown in Figure 14.

x10*

PV£ DC"—Qﬂ
)L ¥ ]

Battery#1

Time/s
(a) Power flow of DC sub-microgrid and interlinking converter.
800

700

<600 |
=

500 |

400 . + - * -
3 4 5 6 7 8
Time/s

(b) The DC bus voltage.

[l

Figure 14. System simulation curve of case 2 in grid-connected operation. (a) is the power flow
of DC sub-microgrid and interlinking converter in grid-connected mode; (b) is DC bus voltage
in grid-connected.

As can be seen from Figure 14a that form 1 s to 3 s, the DC side photovoltaic #1 works under
standard conditions, the output power reaches a maximum value of 18 kW, while the DC load power
remains unchanged at 10 kW, that is, Pg‘it > 0. However, the internal of the DC side battery #1 has
exceeded the maximum threshold, so it cannot continue to charging, that is, it is in a standby state
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and the output power of 0 kW. All the excess power in the DC sub-microgrid is transmitted from the
interlinking converter to the AC side, and the transmission power is =8 kW. From 3 s to 6 s, when the
DC load power is increased to 18 kW, the power generation of DG in the DC sub-micro grid is just
enough to meet the power consumption of the load, ngt = 0. So, the transmission power of DC side
battery #1 and the interlinking converter is 0 kW. From 6 s to 8 s, the DC load power continues to
increase by 10 kW to 28 kW. At this time, the output power of DC side photovoltaic #1 cannot meet
the DC load, then Pgit < 0. The DC side battery #1 switches from standby mode to constant voltage
mode to maintain the DC bus voltage with the interlinking converter and the output power is 2 kW.
The transmitted power of the interlinking converter is 8 kW.

According to Figure 14b, the DC load power will increase at 3 s and 6 s, and the DC bus will
decrease slightly. However, due to the constant voltage control of DC side battery #1 and the interlinking
converter, the system quickly reaches a power balance state. As a result, the DC bus voltage will
quickly stabilize to the rated value.

5.2. Simulation of Power Control Strategy in Isolate Island Operation

During the island operation, the overall power balance should be considered. At this time,
the interlinking converter works in V/F control mode to provide voltage and frequency support for the
AC bus.

(1) Case 1

The system works in island mode with a constant temperature of 25 °C, the DC side photovoltaic #1
works in MPPT mode, and the AC side photovoltaic #2 works in P/Q mode. The AC side photovoltaic
#2 active power reference value is set to 16 kW, and the reactive output is set to 0 kVar. The SOC of
DC side battery #1 and AC side battery #2 are both 85%, they operate in SOCE‘S“ < SOCqc < SOCT
mode in Figure 12. The DC load power is 10 kW, and the AC load active power is 20 kW. At the
initial moment, the light intensity was 1000 W/m?. At 5 s, the light intensity decreased to 800 W /m?.
The simulation results of active power flow in the system are shown in Figure 15.

x10*
3 ACLoad y ]
7 DCLoad PVE] PVi2
2
> gm
21 e ]
0 +
-1r Battery#1 Battery 2
L . :
1 2 3 4 5 6 7 8
Time/s
(a) Power flow in the AC/DC sub-microgrid.
x10*

L s
1 2 3 4 5 6 7 8
Time/s

(b) Interlinking converter transmission power.
Figure 15. System simulation curve of case 1 in isolated island operation. (a) is the overall power flow

of AC/DC sub-microgrid in island mode; (b) is the transmission power of interlinking converters in
island mode.
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As can be seen from Figure 15a that at the beginning of the system operation, the output power
of DC side photovoltaic #1 reached 18 kW under standard conditions, and the output power of AC
side photovoltaic #2 is 16 kW, which is 34 kW in total. At this time, the sum of the active power of AC
load and DC load is 30 kW, then Pir;‘f;n 4 > 0. According to Figure 12, the DC side battery #1 works in
constant voltage mode and can absorb the excess power of the system. Therefore, the active power
reference value of AC side battery #2 is 0 kW, and the absorbed power of DC side battery #1 is about
3 kW. Form 5 s to 8 s, the , and the output of DC side photovoltaic #1 is reduced to 14 light intensity is
reducedkW, then Pg‘l’;n 4= 0. Therefore, the active power reference value of AC side battery #2 is still
0 kW. However, due to system losses, DC side battery #1 still needs to maintain a power output of
approximately 1 kW to stabilize the system.

The AC bus voltage and frequency curves are shown in Figure 16a,b, and the DC bus voltage
curve is shown in Figure 16c.

" 50.05
200 L. B
_ 100 z
£ -]
Z 0 S 50 Wihelbatibioemalieabipmres
-100 S
22 =
200 49.95
=300 } " . N
4.99 5 5.01 5.02 2 4 6 8
Time/s Time/s
(a) Three-phase voltage near the AC bus (b) AC bus voltage frequency
800
700 g
\/-“
600 F ;
<
)
500 g
400 + g
300 * : . L L
1 2 3 4 5 6 7 8
Time/s
(c) DC bus voltage

Figure 16. System simulation curve of bus voltage and frequency for case 1 in the island operation. (a) is
the three-phase voltage interception part of AC bus in island mode; (b) is the frequency interception
part of AC bus voltage in island mode; (c) is the DC bus voltage in island mode.

According to Figure 16a,b, the voltage and frequency of the AC bus do no obviously fluctuate
during 5 s, and the rated value is always maintained during system operation. As can be seen from
Figure 16¢, the DC bus voltage is maintained at the rated value of 650 V from 1 s to 5s. At5 s, due to
the sudden decrease in light intensity, the output of DC side photovoltaic #1 will immediately decrease,
while the DC side battery #1 will not immediately reduce its absorbed power. Therefore, the DC bus
voltage will have a downward trend. When it falling to 622 V, the DC side battery #1 no longer absorbs
power, so the DC bus voltage immediately returns to the rated value.
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(2) Case 2

The system works in island mode, the ambient temperature is 25 °C, the light intensity is
1000 W/m?, and the DC side photovoltaic #1 runs in MPPT mode. Moreover, the AC side photovoltaic
#2 runs in P/Q mode, with the active power constant at 16 kW and reactive power output at OkVar.
The settings of the DC side battery #1 and the AC side battery #2 are the same as that of isolated island
in case 1. At the initial moment, the DC load power is 20 kW, the AC load active power is 50 kW,
and the reactive power is 0 kVar. At 3 s, the active power of the AC load increases to 55 kW. At 6 s,
the active power of the AC load continues to increase until it reaches 60 kW. The system active power
flow simulation waveform is shown in Figure 17.

x10°
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-
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(a) Power flow in the AC/DC sub-microgrid

x10*

| P/W

Time/s
(b) Interlinking converter transmission power

Figure 17. System simulation curve of active power flow in case 2 in island operation. (a) is the overall
power flow of AC/DC sub-microgrid in island mode; (b) is the transmission power of interlinking
converters in island mode.

As can be seen from Figure 17a that at the initial moment of the system, the output power of
the DC side photovoltaic #1 reaches a maximum value of 18 kW, and the actual output power of the
AC side photovoltaic #2 is lower than the theoretical value, which is about 29 kW. The sum of the
active power of the DC load and the AC load reaches 70 kW, that is, P?S‘f;n q<0. So, the DC side battery
#11is Pg‘zt — Ugc droop control. At the same time, the active power deficit exceeds the rated power of
AC side battery #2, so battery #2 maintains the rated power output of 10 kW, and the AC side is still
unbalanced. As shown in Figure 17b, about 11 kW of active power is transmitted from the DC side to
the AC side through the interlinking converter. At this time, in order to balance the power balance of
the DC sub-microgrid and the AC sub-microgrid, the DC side battery #1 power output is about 14 kW.
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At 3 s, the active power of the AC load increases to 55 kW, Pi‘sitm q< 0 remains unchanged, and
the active power deficit increases. However, the DC side battery #1 and the AC side battery #2 still do
not reach their rated output power, so they can continue to maintain the system balance. At this time,
the DC side battery #1 output power is about 19 kW.

At 6 s, the active power of the AC load continues to increase by 5 kW and the DC side battery
#1 reaches the rated output power is still not enough to maintain the system balance. Therefore, it is
necessary to cut off the secondary load of 10 kW on the DC side. The load power on the DC side is
reduced to 10 kW, and the DC side battery #1 output power is about 14 kW. Meanwhile, according to
Figure 17b, the power entering the AC sub-microgrid is about 21 kW. The DC bus voltage in this mode
is shown in Figure 18.
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Figure 18. System simulation curve of DC bus voltage in case 2 during island operation.

As can be seen from Figure 17a that at 3 s, the active power of the AC load increases, and the
DC side battery #1 will not be discharged to the power balance state immediately. Therefore, at 3 s
in Figure 18, the DC bus will drop to about 620 V and then rise back to the rated voltage of 650 V,
the system power balance. At 6, the DC bus voltage will decrease due to the continuous increase of AC
load active power. However, when the whole AC/DC microgrid system is overloaded, the secondary
load of 10 kW on the DC side will be cut off. At this time, because the output of DC side battery #1
will not change immediately, the DC bus voltage will rise to 705 V, and then it will drop to the rated
voltage. In the whole process, the deviation of the DC bus voltage is within £10%, which meets the
requirements of allowable deviation of power quality supply voltage [26].

6. Conclusions

In this paper, the operation mode of the AC/DC hybrid microgrid is analyzed in detail, and the
power coordinated control strategy of grid-connected operation and island operation is designed.
In grid-connected operation, it is based on the control of the interlinking converter of the DC bus
constant voltage. To stabilize the DC bus voltage, adjust the operating mode of DC energy storage and
control the on-off of secondary loads by referring to the charged state of DC energy storage, the power
balance state of DC microgrid, and the maximum transmitted power of interlinking converters. In the
island operation, DC sub-microgrid is the main microgrid, DC energy storage is the main power
regulation equipment, and based on the principle of “energy is in short supply in the system, DC energy
storage finally discharge, energy supply exceeds demand in the system, DC energy storage gives
priority to charging” of DC energy storage. In order to maintain the balance of the overall power,
the control strategy of the micro-source, the reference power, and the on-off of the secondary load
should be adjusted by referring to the charged state of DC energy storage, the overall power balance
state of the system, and the operation mode of each micro-source. Finally, the higher control, analysis,
and integration of system data and reasonable control of each converter control strategy change make
the reliable and stable operation of the system. The lower control integrates various control strategies
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of the converter, improves the flexibility of the system, realizes the reasonable distribution of power
under different modes, and reduces the consumption of energy.

In this paper, the switching mode of the bidirectional converter mode is carried out under
ideal conditions without considering the switching dynamics. At the same time, system design is a
steady-state process, and the study of the transient process will become our research direction in the
following steps.
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