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Multi-energy hybrid AC/DC microgrids (MGs), considering ice storage systems (ISSs), can
promote the flexible integration and efficient utilization of distributed generators (DGs) and
energy storage systems (ESSs), provide a reliable power supply for local loads, and
achieve multi-energy complementarity and energy savings at the same time. An
autonomous cooperative control of multi-energy MGs is proposed in this paper, which
can realize the following targets: 1) In the energy storage period, ice storage systems and
energy storage systems can absorb energy in accordance with their rated capacity. 2) In
the energy releasing period, ice storage systems are first put into operation, and the rest of
the equivalent cooling loads and electrical loads are shared by the energy storage systems
according to their rated capacity ratio. Besides, the complete system small signal model is
constructed, which can be used to analyze the features and characteristics of the system
and guide the optimal design of the control parameters. Finally, the effectiveness of the
proposed control is corroborated by several case studies conducted in PSCAD/EMTDC.

Keywords: hybrid AC/DC microgrids, autonomous cooperative control, multi-energy complementarity, energy
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INTRODUCTION

In recent years, an increasing number of electrical generation sources are being replaced by
renewable energy sources (RESs), such as wind turbines and photovoltaic (PV) panels, which
are more sustainable and environmentally friendly (Bouzid et al., 2015; Kerdphol et al., 2018).
Microgrids are treated as an effective way to integrate RESs and loads together, which have attracted
much attention worldwide (Alegria et al., 2014; Huang et al., 2019). A microgrid (MG) refers to a
small-scale power generation and distribution system, which is comprised of distributed generators
(DGs), energy storage systems (ESSs), loads, andmonitoring and protection devices (Wei et al., 2021;
Wang, 2013). MG can improve utilization efficiency of renewable energy systems (RESs, PV, wind
power, etc.) and improve the reliability of the power supply and power quality efficiently (Yang et al.,
2014; Gupta et al., 2018). It can work in grid-connected mode and islanded mode (Lu et al., 2007;
Ouammi et al., 2015). In the islanded mode, microgrids can provide a power supply to remote areas
or islands (Wang et al., 2016; Pashajavid et al., 2017). It has been proven that a MG is one of the most
effective ways to utilize DGs in distribution systems (Parhizi et al., 2015).

Compared to a pure AC MG or a DC MG, which need corresponding DC/AC converters to
connect with AC (or DC) sources and loads, a hybrid AC/DCMG can integrate AC and DCDGs and
loads, which reduces the power conversion process and improves energy conversion efficiency (Loh
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et al., 2013a; Loh et al., 2013b; Unamuno and Barrena, 2015; Jia
et al., 2018; Su et al., 2019). Besides, if adjacent AC MGs and DC
MGs can be flexibly interconnected in the form of clusters, the
system can accept AC and DC renewable energy systems and
loads efficiently, and the reliability and operation stability of the
whole system can be enhanced (He and Giesselmann, 2015; Xia
et al., 2018a; Xia et al., 2018b; Wei et al., 2019a; Cheng et al.,
2019). The control strategy for hybrid AC/DC MGs is the key to
maintaining stable operation and realizing the matching targets
of the system, such as smooth power transfer (Liu et al., 2011).
Matching power transfer between microgrids enables maximum
utilization of distributed energy resources, a cluster-oriented
cooperative control strategy for multiple AC micro-grid
clusters is proposed in (Lai et al., 2019). In (Jena and Padhy,
2020), to address the problem of power sharing in networked
hybrid AC/DC micro-grid clusters, The hierarchical distributed
cooperative control strategy is employed for both the AC and DC
microgrid clusters for enabling power sharing among the clusters
according to the required needs. In order to solve the influence of
line resistance on the hybrid AC/DC microgrid composed of
multiple interlinking converters, an autonomous power sharing
approach for hybrid microgrids interconnected through multiple
interlinking converters by introducing a superimposed frequency
in the DC subgrids is proposed in (Peyghami et al., 2018). A
hybrid AC/DC microgrid with multiple subgrids adopt a proper
power management method, which can achieve the power
sharing and mutual supporting described in (Xia et al., 2018b).
To suppress the circulating currents and realize the proper power
interaction, a decentralized coordination control is proposed in
(Yang et al., 2018). To cope with uncertainty and fluctuations of
the output power of RESs, a robust optimal coordinated control
for multiple VSCs in an AC-DC distribution network is used in
(Sun et al., 2019), which can enhance the robustness of the system
and realize optimal power allocation.

Ice storage systems emerged in the 1980’s. By using ice as an
energy storage medium, large air-conditioning systems can store
energy in the low power supply period and supply cooling load in
the peak power supply period of a power grid. Ice storage systems
have the following advantages: 1) alleviating the shortage of
power supply during the peak power supply period and 2)
using peak-valley electricity pricing of different areas to save
electricity costs (Ding et al., 2014; Ge et al., 2017; Yang et al., 2017;
Wei et al., 2019a). A comprehensive energy efficiency evaluation
of a hybrid system integrating a ground source heat pump and ice
storage technologies in an office building is given in (Zhang,
2016). An economically optimal control strategy for dynamic ice
storage systems is proposed in (Yan et al., 2016). However, the
aforementioned studies do not consider how to achieve flexible
control when hybrid AC/DC microgrids adopt an ice storage
system.

The structure of a multi-energy microgrid is shown in
Figure 1 and has the following characteristics: 1) multiple AC
microgrids and DC microgrids are connected to a common DC
bus through power electronic interfaces in parallel, which can
efficiently and flexibly accept DGs and ESSs to provide a high
reliability power supply for local loads; and 2) ice storage systems
are integrated into the multi-energy microgrid, and through a

certain control strategy, multi-energy complementarity can be
realized, which improves energy utilization flexibility.

In this paper, an autonomous cooperative control strategy is
proposed for a multi-energy microgrid system as shown in
Figure 1. The following control targets are expected to be
achieved:

1) The power balance and the stability of common DC bus
voltage, DC voltages and AC frequency voltage are
maintained through the autonomous cooperative control
strategy.

2) In the energy storage period, an ice storage system and ESSs
can reasonably absorb electric energy according to their rated
capacities. In the energy releasing period, the ice storage
system should first be put into operation. The equivalent
loads of the remaining cooling load and electric loads should
be reasonably shared by ESSs according to their rated
capacity ratio.

EQUIVALENT STRUCTURE OF
MULTI-ENERGY MICROGRIDS

To facilitate the description of the autonomous cooperative
control strategy proposed in this paper, an equivalent structure
of the multi-energy microgrids is depicted in Figure 2, which
includes one AC microgrid and two DC microgrids. Each

FIGURE 1 | Structure of a multi-energy microgrid.

Frontiers in Energy Research | www.frontiersin.org August 2021 | Volume 9 | Article 6920262

Zhou et al. Autonomous Cooperative Control

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


microgrid contains one total balance unit (representing energy
conversion devices, ESSs and controllable distributed power
supplies, etc.) and one total power unit (such as RESs, loads,
etc.). The balance unit is used as the main power source to
maintain the stability of the AC voltage/frequency in AC
microgrids or DC voltage in DC microgrids. Renewable energy
generation units with maximum power point tracking control
(MPPT), energy storage units and loads in a power dispatchmode
can be regarded as power units. The AC and DC microgrids are
connected to the common DC bus through corresponding power
electronic interfaces in parallel (DC-AC or DC-DC).

AUTONOMOUS COOPERATIVE CONTROL
OF MULTI-ENERGY MICROGRIDS

Control Structure and Targets of
Multi-Energy Microgrids
To realize the stability control of multi-energy microgrids as
shown in Figure 2, A basic control framework of autonomous
cooperative control for multi-energy microgrids is proposed, as
shown in Figure 3. In this paper, the following main operation
functions are expected to be realized with the proposed control.

1) The physical layer of the multi-energy microgrid is composed
of an AC microgrid and DC microgrid. The AC and DC
microgrids are controlled by the corresponding local
controllers and central controllers, respectively. Each
microgrid realizes autonomous control by the
corresponding local controllers and cooperative control
through the central controllers.

2) Each microgrid can accept dispatching instructions from
central controllers, and through a certain control strategy,
multi-energy complementarity and optimization targets can
be realized.

Based on the above framework, an autonomous cooperative
control strategy for a multi-energy microgrid is proposed to
achieve the following control targets:

1) Energy storage period: ice storage systems and ESSs can
reasonably absorb electric energy according to their rated
capacities. As shown in Figure 2, the net power of the power
units found in the three microgrids are Pp,A, Pp,B and Pp,C
respectively, which flow the corresponding bus in the positive
direction. In this paper, assuming that the rated capacities of
AC microgrid #A, DC microgrid #B and DCmicrogrid #C are
Pos,A, Pos,B and Pos,C respectively, and that their capacity ratios
satisfy Pos,A: Pos,B: Pos,C � a: b: 1. When the multi-energy
microgrid works normally, it is expected that the actual energy
storage powers Ps,A, Ps,B and Ps,C of balance units in AC
microgrid #A, DC microgrid #B, and DC microgrid #C,
respectively, can be reasonably shared by each balance unit
according to its rated capacity ratio (a:b:1), which can improve
the utilization efficiency of the balance units in the multi-
energy microgrid.

2) Energy releasing period: when in the peak power supply
period, ice storage systems should be put into operation
first. Then, the equivalent loads of the remaining cooling
load and electric loads can be reasonably shared by the balance
units according to their rated capacity ratio.

Control Strategy of the Balance Units in the
AC/DC Microgrids
Control Strategy for the Balance Units in an AC
Microgrid
As shown in Figure 2, the power unit in AC microgrid #A adopts
constant power control, and the balance unit adopts double loop
control, as shown in Supplementary Figure S1. The outer loop
generates phase signal θA and voltage amplitude signal Vref,A of the
voltage reference for the voltage inner loop through P-f control and
Q-V droop control. Then, the voltage inner loop control generates
control signals to realize the final control target. To reduce steady-
state error and improve the dynamic response of the control system,
the voltage inner loop always adopts PR control.

FIGURE 2 | Equivalent structure of multi-energy microgrids.

FIGURE 3 | Basic framework for autonomous cooperative control for a
multi-energy microgrid.
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It can be seen from Supplementary Figure S1 that the power
output and frequency of the balance unit of AC microgrid #A has
the following droop characteristic:

ωA � ωset,A − Ps,A/kp,A (1)

where ωA, ωset,A and Ps,A represent the actual frequency, the
frequency setting value of the droop control and the power
output of the balance unit of AC microgrid #A, respectively; kp,A
represents the droop coefficient of P-f droop control. Meanwhile, as
seen in Supplementary Figure S1, kp,A represents the droop
coefficient of Q-V droop control; kpu,A, kru,A, ω0 and ωc0 are the
proportional coefficient, resonance coefficient, resonance frequency
and error frequency of the PR controller; vpwm,A and us,A are control
signals of the voltage inner loop control and the voltage output of the
balance unit of AC microgrid #A.

Control Strategy for the Balance Units in a DC
Microgrid
As shown in Figure 2, the power unit in DC microgrid #i (i � B,
C) adopts constant power control, and the balance unit adopts

double loop control, as shown in Supplementary Figure S2. The
outer loop generates voltage reference uref,i for the inner loop
through P−V droop control. Then, the voltage/current inner loop
control generates control signals to realize the final control target.

It can be seen from Supplementary Figure S2 that the power
output and DC voltage of the balance unit of DCmicrogrid #i (i �
B, C) has the following droop characteristic:

ui � uset,i − Ps,i/kp,i (2)

where ui and Ps,i represent the actual DC voltage and power
output of the balance unit of DC microgrid #i, respectively; uset,i
and kp,i represent the DC voltage setting value and the droop
coefficient of P−V droop control, respectively. Meanwhile, as seen
in Supplementary Figure S2, kpu,i and kiu,i are the proportional
gain and integral gain of the voltage PI controller; kpi,i and kii,i are
the proportional gain and integral gain of the current PI
controller; isref,i and iLs,i are the current reference and the
inner current loop of the balance unit of DC microgrid #i; ds,i
is the phase-shift ratio of the balance unit of DC microgrid #i.

Control Strategy for Power Electronic
Interfaces
In this paper, the control strategy for power electronic interfaces
in multi-energy microgrids is the key to realize the control targets
proposed in Section 2.1. Based on the droop characteristics of the
balance units in Section 2.2, a control strategy for power
electronic interfaces (DC-AC and DC-DC) is proposed, as
shown in Supplementary Figure S3A, B, respectively. The
control strategy for DC–AC contains three parts: power
control, virtual synchronization control (VSG) and AC voltage
control; the control strategy for DC–DC contains two parts:
power control and phase shift control.

The design of the power control is the key to achieve
coordinated power control of the multi-energy microgrid, and
its core design idea is as follows:

First, assuming that there is a virtual balance unit at the common
DC bus, which has the following virtual droop characteristic:

Udc � Udcref − Pdc/kdc (3)

FIGURE 4 | Dynamics of the power outputs of the power units.

FIGURE 5 | Dynamics of the voltage of the common DC bus, voltages of
DC microgrids and frequency of AC microgrid.

FIGURE 6 | Dynamics of the power outputs of the balance units.
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where Udc and Pdc are actual voltage and injection power of the
common DC bus, respectively, and Udcref and kdc are the voltage
setting value and droop coefficient of the virtual droop characteristic.

⎧⎪⎨
⎪⎩

ΔPA � Ps,A − aPdc

ΔPB � Ps,B − bPdc

ΔPC � Ps,C − Pdc

(4)

where a is the rated capacity ratio parameter of AC microgrid #A,
B is the rated capacity ratio parameter of DC microgrid #B.

In addition, the actual power outputs of the balance units in
the microgrids and the injection power of the virtual balance unit
at the commonDC bus have the droop characteristics as shown in
Equations (1–3). The power errors in Equation 4 can be further
expressed as:

⎧⎪⎪⎨
⎪⎪⎩

ΔPA � (ωset,A − ωA)kp,A − a(Udcref − Udc)kdc
ΔPB � (uset,B − uB)kp,B − b(Udcref − Udc)kdc
ΔPC � (uset,C − uC)kp,C − (Udcref − Udc)kdc

(5)

Based on Equation 5, the power control can be designed as
follows and shown in Supplementary Figure S3:

⎧⎪⎨
⎪⎩

PrefA � ΔPAGICA(s)
PrefB � ΔPBGICB(s)
PrefC � ΔPCGICC(s)

(6)

where PrefA, PrefB and PrefC are the outputs of the power control
system, which serves as power references for the corresponding
power electronic interfaces; GICA(s), GICB(s) and GICC(s) are PI
controllers.

In the VSG control loop, as shown in Supplementary Figure
S3A, phase reference θA and amplitude reference VrefA of the AC
voltage reference can be obtained based on the P-f droop and the
Q-V droop with inertia mimicry capability. Then, AC voltage
tracking control can be achieved through the AC voltage control
loop. Meanwhile, as seen in Supplementary Figure S3A, PrefA is
the outputs of the power control system; PICA is the power
transmission of DC-DC #A; ωA, Kp and Hp are the P-f droop
control of frequency setting value, droop gain and damping gain,

Vset,A, Kq and Hq are the Q−V droop control of voltage setting
value, droop gain and damping gain.

In the phase-shift control, as shown in Supplementary Figure
S3B, the phase-shift ratio di between the primary and secondary
square voltages of the isolation transformer in a half switching
period is derived by Gp(s), which always adopts a PI controller.
Meanwhile, as seen in Supplementary Figure S3B, Prefi is the
outputs of the power control system; PICi is the power
transmission of DC-DC #i; Tf is time constant.

SMALL SIGNAL MODELING AND DYNAMIC
CHARACTERISTIC ANALYSIS OF
MICROGRIDS

To analyze the dynamic characteristic of microgrids, the small
signal model is constructed, which can be used to guide the
optimization design of the controller parameters.

Small Signal Modeling
Small Signal Modeling of AC and DC Microgrids
The small signal models of DC MGs and AC MG #A in this
section can be obtained according to the aforementioned
information, as shown in Supplementary Figures S4A, B,
respectively.

In small signal models of DCMG #i, shown in Supplementary
Figures S4A, the DC bus voltage dynamic can be described as:

sKiΔudc,i � ΔPs,i + Gi,i(s)ΔPset,i + ΔPIC,i (7)

where Ki � Cj (Udc,j_B)
2, Ci represents the equivalent capacitance

of DC MG #i, and Udc,j_B is the base value of the DC voltage.
Gi,i(s) is the closed loop transfer function of the inner current
loop, which can be expressed as:

ΔiLs,ji(s) � Gi,i(s)Δisref ,i(s) � Udc,i(skpi,i + kii,i)
LLs,is2 + kpi,iUdc,is + kii,iUdc,i

Δisref ,i(s)
(8)

FIGURE 7 | Dynamics of the power outputs of the ICs. FIGURE 8 | Dynamics of the voltage of the common DC bus, voltage of
DC microgrids and frequency of AC microgrid.
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Furthermore, the output of the balance unit in Equation 7 can
be obtained combining with the model in Supplementary
Figures S4A as follows:

ΔPs,i � Go,i(s)Δudc,i � − (kpu,i + kiu,i/s)Gi,i(s)udcs
1 + (kpu,i + kiu,i/s)Gi,i(s)udcs/kp,i Δudc,i

(9)

Finally, according to equations (7)-(9), the dynamic response
of the DC voltage in DC MG #i can be derived as:

Δudc,i � Gi,i(s)
sKi − Go,i(s)ΔPset,i + 1

sKi − Go,i(s)ΔPIC,i (10)

In regard to a small signal model of AC MG #A, shown in
Supplementary Figures S4B, the AC frequency dynamic can be
described as:

ΔωA � Gcpi,A(s) · ΔPset,A/kp,A + ΔPIC,A/kp,A (11)

where△Pset,A is the active power setting value of the balance unit
in AC MG #A. Gcpi,A(s) is the closed loop transfer function of the
inner loop in AC MG #A, which can be expressed as:

Gcpi,A(s) �
(kcpp,As + kcpi,A)

s2Lg + (Rg + kcpp,A)s + kcpi,A
(12)

where kcpp,A and kcpi,A are the proportional gain and integral gain
of the PI controller, respectively.

Meanwhile, the dynamic response of the common DC bus
voltage can be expressed as:

sKcomΔUdc � −ΔPIC,A − ΔPIC,B − ΔPIC,C (13)

where Kcom � Ccom (Udc_B)
2; Ccom is the equivalent capacitance of

the common DC bus andUdc_B is the base value of the DC voltage.

Small Signal Modeling of Power Electronic Interfaces
The dynamic characteristics of inner loop and outer loop in
DC–AC #A can be obtained with the small signal model, shown
in Supplementary Figure S5A, as follows:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ΔPICA � ΔPrefA − ΔPICA

Kp +Hps
ω0

s
Sep,A

ΔPrefA � (αkdcΔudc − kp,AΔωA)GICA(s)
(14)

where Sep,A is used to describe the response of △PIC,A to the
power angle △δA as follows:

Sep,A � (1.5E1U1 cos δ0/Zeq1) (15)

where E1 and U1 are the amplitude values of the phase-to-ground
voltages of the DC–AC #A and AC bus, respectively; Zeq1 is the
equivalent connection impedance between DC-AC #A and AC
bus; △δ0 is the relative voltage phase between E1 and U1.

For the convenience of description, taking DC–DC #B as an
example to construct small signal models, as shown in
Supplementary Figure S6. From Supplementary Figure S6A,
the dynamic response of the inner loop and the outer loop in
DC–DC #B can be described as:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ΔPICB � Gc_B(s)ΔPrefB � Sep,BGp(s)
Sep,BGp(s) + 1

ΔPrefB

ΔPref ,B � (bkdcΔudc − kp,BΔUB)GICB(s)
(16)

where GC_B is the closed loop transfer function of the inner loop
and Sep,B is adopted to describe the response of △PICB to the
phase-shift ratio △dICB. The power transmission of DC–DC #B
can be described as:

PICB � nudcuBdICB(1 − dICB)/(2fsL) (17)

Likewise, the dynamic response of the inner loop and outer
loop in DC–DC #C can be described as:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ΔPIC,C � Gc_C(s)ΔPrefC � Sep,CGp(s)
Sep,CGp(s) + 1

ΔPrefC

ΔPref ,C � (kdcΔudc − kp,CΔUC)GICC(s)
(18)

Eventually, a complete small signal model of the microgrids is
obtained and shown in Supplementary Figure S7.

FIGURE 9 | Dynamics of the power outputs of the balance units. FIGURE 10 | Dynamics of the power outputs of the ICs.
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In the dynamic response analysis of the small signal model of
ACMG#A, △PIC,A is the dynamic response of the inner loop of
the small signal model of DC-AC#A, △Pset,A is the active power
setting value of the balance unit in AC MG #A, Substituting
△PIC,A and△Pset,A into Equation. 11 calculate the AC frequency
dynamic response △ωA in ACMG#A. In the same way, in the
small signal model dynamic analysis of DCMG#B and DCMG#C,
the dynamic response △uB of DC voltage in DCMG #B and the
dynamic response △uC of DC voltage in DCMG #C are
calculated. In the dynamic response analysis of the common
DC bus, the dynamic response △udc of the bus voltage is
calculated. Substituting △ωA and △udc into Equation. 14
calculate the dynamic response △PIC,A of the inner loop of the
small signal model of DC–AC#A, Substituting△udc and△uB into
Equation. 16 calculate the dynamic response △PIC,B of the inner
loop of the small signal model of DC-DC#B, Substituting △udc
and △uC into Equation. 18 calculate the dynamic response
△PIC,C of the inner loop of the small signal model of DC-DC#C.

Characteristic Analysis
To validate the effectiveness of the established small signal model,
a simulation comparison between the detailed model and the
small signal model is adopted in PSCAD/EMTDC. The output
dynamics of the balance units in the AC/DC microgrids and the
output dynamics of interlinking converters (ICs) are shown in
Supplementary Figures S8, S9, respectively. As seen from
Supplementary Figures S7, S8, in addition to ignoring some
transient information when building the small signal model, it
caused a little error in the dynamic response of the system.
However, the main modes of the small signal model
established by the system in the whole static process are
consistent with the detailed model, which verifies the validity
and accuracy of the small signal model.

Based on the established complete small signal model of
microgrids, the features and characteristics of the whole
system can be further analyzed, and this model can be used to
guide the optimized design of the control parameters. The outer
PI controller of DC-DC #C is used as an example to analyze the
influence of the control parameters on the system dynamics. The
results are shown in Supplementary Figure S10 when kp of the

outer PI controller of DC-DC #C is changing within the range
0.05, 0.5 and 5. Supplementary Figure S10 shows that when kp of
the outer PI controller of DC-DC #C is small, the DC voltage and
the power of the balance unit of DC MG #C oscillate. When the
system damping is increased (increasing kp), the oscillation is
reduced, but the system adjustment time increases.

SIMULATION

Simulation System
To verify the effectiveness of the proposed control method, the
simulation model of a multi-energy microgrid shown in Figure 2
has been built in PSCAD/EMTDC. In the AC microgrid #A, the
energy conversion system is equivalent to a balance unit.

1) In this paper, the rated capacities Pos,A, Pos,B and Pos,C of the
balance units in AC microgrid #A, DC microgrid #B, and DC
microgrid #C, respectively, are all 100 kW, which satisfies a:b:
1 � 1:1:1. When the multi-energy microgrid works in the
energy storage period, it is expected that the actual energy
storage powers Ps,A, Ps,B and Ps,C of the balance units in AC
microgrid #A, DC microgrid #B, and DCmicrogrid #C can be
reasonably shared by each balance unit according to their
rated capacity ratio (a:b:1). This phenomenon can improve
the utilization efficiency of the balance units in the multi-
energy microgrid.

2) In this simulation case, the control parameters of the balance
units of the AC and DC microgrids, DC-AC and DC-DC, are
shown in Tables 1–4. The base value of the power is 100 MW.

Simulation Verification
Based on the above simulation system, the proposed control
method was verified under the following conditions. Case I:
Energy storage period: In this case, the smooth start of power
electronic interfaces in the multi-energy microgrid is first tested
and verified, then the power disturbances and load fluctuations
are simulated by online adjustment of the output power of the
power units in the AC and DCmicrogrids to test the effectiveness

FIGURE 11 | Dynamics of the power outputs of the power units.
FIGURE 12 | Dynamics of the voltage of the common DC bus, voltages
of DC microgrids and frequency of AC microgrid.
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of the proposed control strategy. Case II: Energy releasing period.
In this case, the ice storage system should be put into operation
first. Then, the equivalent loads of the remaining cooling loads
and electric loads can be reasonably shared by balance units
according to their rated capacity ratio. Case III: Fault of ICs. In
this case, to validate the effectiveness of the established small
signal model, we are assuming that the DC-AC faults.

Case I: Energy Storing Period
In the energy storing period, the dynamics of the power outputs
of the power units, the common DC bus voltage, DC voltages, AC
frequency, power outputs of the balance units in the AC/DC
microgrids and the power outputs of the interlinking converters
(ICs) are shown in Figures 4–7, respectively.

t < 0.4 s: The outputs of the power units in AC microgrid #A, DC
microgrid #B and DCmicrogrid #C were Pp,A � 100 kW (1 in pu),
Pp,B� 50 kW(0.5 in pu), andPp,C� 20 kW(0.2 in pu), respectively,
and all power electronic interfaces were in standby mode.
t � 0.4–3 s: DC-DC #B, DC-DC #C and DC-AC #A were put
into operation at t � 0.4 s, 0.8 and 1.4 s, respectively. After the
transient fluctuation, the common DC bus voltage, the voltage

of the DC microgrids and the frequency of the AC microgrid
can maintain stability, and all balance units shared power
according to their rated capacity ratio (a:b:1 � 1:1:1).
t � 3–5 s: To simulate a power disturbance, at t � 3 s, the output
of the power unit in the DCmicrogrid #Cwas changed to Pp,C �
50 kW (0.5 in pu); at t � 4 s, the outputs of the power units in
ACmicrogrid #A and DCmicrogrid #B were changed to Pp,A �
50 kW (0.5 in pu) and Pp,B � 20 kW (0.2 in pu), respectively.
After the transient fluctuation, the commonDC bus voltage, the
voltage of DC microgrids and the frequency of the AC
microgrid can maintain stability, and all balance units shared
all powers according to their rated capacity ratio (a:b:1 � 1:1:1).

Case II: Energy Releasing Period
In this case, the ice storage system should be put into operation
first. Then, the equivalent loads of the remaining cooling loads
and electrical loads should be reasonably shared by the balance
units according to their rated capacity ratio, dynamics of the
common DC bus voltage, DC voltages, AC frequency, power
outputs of balance units in AC/DCmicrogrids and power outputs
of the ICs, as shown in Figures 8–10, respectively.

TABLE 1 | Control parameters of the balance unit in the AC microgrid.

Control module Parameter Value

P-f droop control Frequency setting value/droop gain
(ωset,A/kp,A)

1/100

Q-V droop
control

Voltage setting value/droop gain (Vset,A/kq,A) 1/25

PR control kpu,A/kRu,A/ωc0 0.9/8/
0.06 rad/s

TABLE 2 | Control parameters of the balance unit in the DC microgrid.

Control module Parameter Value

P-Udc droop control Voltage setting value/droop gain (uset,i/ki) 1/25
Voltage PI control kpu,i/kiu,i 1.2/45

TABLE 3 | Control parameters for DC-AC.

Control
module

Parameter Value

Power control GICA(s) (kp/ki) 1.2/10
P-f droop
control

Frequency setting value, droop gain/damping
gain (ωA,Kp/Hp)

ωA,
120/0.15

Q-V droop
control

Voltage setting value, droop gain/damping gain
(Vset,A,Kq/Hq)

1, 10/1.5

TABLE 4 | Control parameters for DC-DC.

Control module Parameter Value

Power control Filter time constant 0.01 s
Outer PI control (kp/ki) 0.4/25
Inner PI control (kp/ki) 0.02/120

FIGURE 13 | Dynamics of the power outputs of the balance units.

FIGURE 14 | Dynamics of the power outputs of the ICs.
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t < 6 s: The outputs of the power units in ACmicrogrid #A, DC
microgrid #B and DC microgrid #C were Pp,A � −50 kW (−0.5
in pu), Pp,B � −50 kW (−0.5 in pu), and Pp,C � −50 kW (−0.5 in
pu), respectively. The output of the balance unit (the energy
conversion system) in AC microgrid #A was Ps,A � 50 kW (0.5
in pu), and all power electronic interfaces have been put into
operation and reached steady state.
t � 6–8 s: At t � 6 s, assuming that the equivalent cooling load
is 100 kW, and the other electric loads are 100 kW, the ice
storage device (the equivalent balance unit) in AC microgrid
#A was put into operation first to bear part of the cooling load
(50 kW). The remaining equivalent cooling load and the other
electric loads (150 kW) were automatically shared by the
balance units of DC microgrid #B and DC microgrid #C
according to their rated capacity ratio (b:1 � 1:1), and the
commonDC bus voltage, the voltage of DCmicrogrids and the
frequency of the AC microgrid can maintain stability, which
verified the effectiveness of the proposed control method.

Case III: Fault of Interlinking Converters
In this section, to validate the effectiveness of the proposed method,
we are assuming that theDC-AC faults, as an example, at t� 3 s. The
dynamics of the power outputs of the power units, the common DC
bus voltage, the DC voltages, the AC frequency, the power outputs of
the balance units in AC/DCmicrogrids and the power outputs of the
ICs are shown in Figures 11–14, respectively.

CONCLUSION

In this paper, an autonomous cooperative control strategy for
multi-energy microgrids is proposed, which is suitable for
considering ice storage systems and comprehensive utilization
of energy. On the premise of using the ice storage system as a
priority, all loads can be reasonably shared by all balance units,
which improves the utilization efficiency of the balance units. In
addition, the complete small signal model of the system is

constructed, which can also be used to analyze the features
and characteristics of the system and guide the optimized
design of the control parameters. The simulation results verify
the effectiveness of the proposed control method.
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