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Data-Driven Control for Interlinked AC/DC
Microgrids via Model-Free Adaptive Control and
Dual-Droop Control

Huaguang Zhangdellow, IEEE, Jianguo Zhou, Qiuye Sumjember, IEEE, Josep M. Guerrerdyellow, IEEE, and

Dazhong Ma

Abstract—This paper investigates the coordinated power shar- V. .~ Nominal voltage of the dc microgrid
Vic,deputsy, Reference dc voltage of the IC

ing issues of interlinked ac/dc microgrids. An appropriatecontrol
strategy is developed to control the interlinking converte (IC) to
realize proportional power sharing between ac and dc microgds.
The proposed strategy mainly includes two parts: the primay
outer-loop dual-droop control method along with secondary
control; the inner-loop data-driven model-free adaptive oltage
control. Using the proposed scheme, the interlinking convger,
just like the hierarchical controlled DG units, will have the
ability to regulate and restore the dc terminal voltage and &
frequency. Moreover, the design of the controller is only baed on
input/output (I/O) measurement data but not the model any mae,
and the system stability can be guaranteed by the Lyapunov
method. The detailed system architecture and proposed cordi
strategies are presented in this paper. Simulation and expe
mental results are given to verify the proposed power sharig
strategy.

Index Terms—Interlinked microgrids, interlinking converter,
power sharing, dual-droop control, data-driven model-free adap-
tive control.

NOMENCLATURE

@ac,pu
Vdc,pu

oa

Ay

The average frequency of the ac microgrid

The average voltage of the dc microgrid

Update factor of the droop coefficient when the power
transferred to the ac microgrid

Update factor of the droop coefficient when the power
transferred to the dc microgrid

Wae,pu,tr, Measured terminal ac frequency at the time of

010t
krc.i,
Pac

Pde

Cdc
Crc_y

Awre p Secondary control frequency signal sent to the prik,

mary control level

dy

APr,. Increased active powers of the ac microgrids at the (-)

time of ¢

iIC_abc

APr4. Increased active powers of the dc microgrids at thec_dc

time of ¢,

kac

Avreaepu Secondary control voltage signal sent to the priac

mary control level
n Threshold of the deviation
Waepu NOminal frequency of the ac microgrid

wic.put,,, Reference frequency of the IC
w(-)  Unit step function
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Droop coefficient of the IC when the power transferred
to the ac microgrid

Droop coefficients of the IC when the power trans-
ferred to the dc microgrid

Active power that should be shared by the ac micro-
grids

Active power that should be shared by the dc micro-
grids

Dc-link capacitance of the IC

Filter capacitance of the IC

Unknown input order of the IC system

Unknown output order of the IC system

Unknown nonlinear function vectors of the IC system
Ac currents of filter inductance of the IC

Dc-link input current of the IC

Combined droop coefficient of the ac microgrid
Combined droop coefficient of the dc microgrid

The integral gain of the secondary frequency con-
troller

The integral gain of the secondary dc voltage con-
troller

The proportional gain of the secondary frequency
controller

The proportional gain of the secondary dc voltage
controller

Filter inductance of the IC

Prct, Active power transferred by the IC at the time taf

Rrc_y

Filter resistance of the IC

Uabe_ave AVErage switching signals of the IC
Vie,pu,t., Measured dc microgrid voltage at the the time of
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UE to the fast proliferation of distributed generatorsosts. Data-driven model-free adaptive control (DDMFAC)
(DGs) in power systems, managing the power of differedibes not require any model information of the controlled

DGs and the grid has become crucial, and microgrid providp&nt and the required control performance can be achieved
a promising solution. Therefore, focus on ac and dc micdsgriby using the input/output (I/0O) data. It is of great significa
has grown rapidly with their architectural [1], [2], mod®di to take advantage of the process data in such complex system
[3], stability analysis and enhancement [4]-[6], power lgua particularly for the future smart grid and energy internet.
improvement [7]-[9], power sharing control [10]-[13], and This paper presents a data-driven control (DDC) structure
other issues. Most developments mentioned above on micfor interlinking converters in interlinked ac and dc hybrid
grids are, however, directed at DG control mainly within onmicrogrids. One important reason that we try to use the
microgrid. data-driven MFAC method to design the controller of the IC

Enforcing ac and dc microgrids intertied by an interlinkingn the paper is to take the most advantage of the process
power converter is a promising topology in future powedata, boost the efficiency, and cut the costs on the basis of
networks, and has in fact been discussed recently dueaithieving required control performance. The proposedrobnt
some benefits, such as greater security and reliability, astheme employs a data-driven model-free adaptive voltage
reduced transmission and distribution losses [14]. Automos controller (DDMFAVC) for fast and robust voltage tracking
operation and modified droop control schemes of such hybadd a dual-droop controller with a secondary controller for
microgrids were discussed in [15], [16] and extended iproportional coordinated power sharing between ac and dc
[17], [18] by integrating an energy storage system to the daicrogrids and restoration of frequency and dc voltage.-Con
microgrid. Another droop control scheme was followed in][1%idering the voltage controller, model-free adaptive oant
for bidirectional power flow between the intertied micratyi (MFAC) perhaps is the best solution. Firstly, MFAC does not
In [20], hierarchical control of multiple parallel ac-dcrogerter require a mathematical model, order, structure infornmatio
interfaces between ac and dc buses was proposed to ach@véime delay of the controlled plant but only input/output
proportional current sharing. (I/O0) measurement data [27], which implies that a generic

Despite the progress mentioned above, some drawbackgaffitroller can be designed and developed independently for
the previous methods can also be fouriiThe majority of the interlinking converters in practice. Secondly, the psepaldial
existing inner loop control techniques are greatly depahde derivative (PPD) behavior of MFAC may not be sensitive to the
mathematical model. These techniques cannot give satisjac variations of the parameter, structure, or delay of therodiet!
results when suffering poor model. Uncertainty dynamiad arsystem. Therefore, MFAC scheme has strong robustness which
disturbances [21], [22] widely exist in inverter-based roic is the key requirement of interlinking converters. FinalypC
grids, and it is difficult to obtain the accurate model. Altigh  (MFAC) has been successfully implemented in some practical
robust control [23], predictive control [24], variablaistture fields [28]-[31]. Based on the aforementioned considenatio
control [25], and neural network [26] -based control haverbe a newly designed data-driven MFAC scheme is proposed for
proposed for power converters, some challenges still .exigte interlinking converter.
Partial mathematical model and uncertainty dynamics shoul A dual-droop controller is also proposed in this paper, and
be known for design of robust controller and variable-dtitee  the main reasons are kindly summarized ayirf the wider
controller. While predictive control has good performaacel scope of power sharing, source capabilities can be shared
strong robustness, the model or structure of the plant alamong different types of microgrids, and individual source
should be known.if) Proportional power sharing and voltagevariations can be always kept small regardless of where the
(frequency) regulation cannot be achieved at the same tinmad transients are triggered. These advantages cannot be
Interlinking converters in [14] and [18] can be viewed asealized by just relying on the droop-controlled DGs within
voltage sources, but proportional power sharing between twach microgrid. It would certainly rely on the coordinated
microgrids cannot be achieved accurately. On the other,hangeration of dc sources, ac sources, and interlinking con-
in [16], [17] and [19], interlinking converters can be vielve verters. Emphasis should be equally given to the intentigki
as current sources since they are current controlled ctamger converter. {i) More complex supply-demand scenarios should
which implies these interlinking converters cannot pgsdte be considered when the interlinked microgrids operate én th
in voltage and frequency regulationiii) Although various islanding mode since the infinite mains is no longer there to
secondary control schemes have been developed to restorectishion any unbalance and load variations. In the islanding
frequency and voltage to their nominal values, the restorat mode, sources can no longer produce maximum or optimal
of ac frequency and dc voltage has not been considered in goavers continuously. They should not only share the load
previous literatures for the interlinked ac and dc micrdgyi power but also participate in the frequency and voltage reg-
such as [15]-[19]. Therefore, a new appropriate controkend ulation which is extremely important for the stable opemati
should be further developed for interlinking converts tdr@s$s of the interlinked microgrids. It is, therefore, necessand
these issues mentioned above. significant to allow the interlinking converter to reguldte

Obtaining the system model information that is accurafeequency and voltage.iif) Some droop control schemes
enough is very difficult in such complicated interlinked mihave been proposed [14]-[19]. However, proportional power
crogrid systems. It is more important and meaningful to talgharing, dc voltage and ac frequency regulation cannot be
advantage of the large amount of the process data produeetieved at the same time by using the previous droop meth-
by the system to boost the operating efficiency and cut thes. Interlinking converters in [14] and [18] can be viewad a
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voltage sources, but proportional power sharing between tw _1_—~—»m—|—@main utility grid
microgrids cannot be achieved accurately. On the other,han -
in [16], [17] and [19], interlinking converters can be viewe | Eenergy Router T T T Intedlinking w‘
as current sources, which implies these interlinking coeve V‘,CTLL Line-2 Converter —y |
cannot participate in voltage and frequency regulatione Th [Line-1 lirc_ac |
proposed dual droop control method in our paper can address de-microgrid VIC-GJ.
these problems, allowing the interlinking converter toulate
the ac voltage and frequency and dc voltage while keepi
proportional power sharing. The main contribution of this *
. de-DG  de-Load -7~~~ —-—-—-———————

paper can be summarized as follows:

1) A novel data-driven model-free adaptive voltage contrlg. 1. An example of interlinked ac/dc microgrids.
(DDMFAVC) scheme is introduced for interlinking conveder

in interlinked ac and dc hybrid microgrids. The model, struc
ture, uncertainty dynamics, and unmodeled dynamics are Nofy,qe_1: If the determined active power is negative, it means

required in this scheme. _ that theV;c 4. — P droop is selected and that the interlinking
2) Dynamic dual-droop control scheme is proposed {gyerter will absorb the power from the ac microgrid and
achieve proportional power sharing between ac and dc miCaan, inject into the dc microgrid. The interlinking comemnt

grids. This droop scheme, along with the voltage controllelaan from the de-link side, just acts as a “dc DG” unit in this
enables proportional power sharing and voltage/frequesgy 1,5de.

ulation realized simultaneously like DGs in microgrids.
3) A novel secondary control strategy is proposed for tf}ﬁ

|r}teDrI(|;nk(_ad ac and.gc microgrids, which is different fronath converter will inject the power to the corresponding ac wHcr
° S I microgrias. . .grid. The interlinking converter takes the same role of am “a
The remainder of this paper is structured as follows. The if:

. o ) . .DG” as that in the ac microgrid in this mode.
terlinked ac and dc hybrid microgrids are presented in 8Secti Mode-3- Th ib i terred by the interlink
II. The proposed control scheme is presented in Section I]I. ode-s. There will beé no power transterred by the intertink-

Simulation and experimental results are presented in @ect ng converter when both the ac and dc microgrids are gnder-
oaded or over-loaded, or some faults occur, or deviation of

IV and Section V, respectively. Conclusions are finally dna : )
: : the per-unit values of dc voltage and ac frequency is less tha
in Section VI. threshold

ac-microgrid
JEx | Lic s Ryc ‘/"ICUDJ Line-3  Line-4

e e
3> Loonis

|

|
::::J_il(:ai;bc

CGe,/TIT 7

|

ac-Load  ac-DG

Mode-2: If the determined active power is positive, it means
at thew;c — P droop is selected and that the interlinking

Il. SYSTEM STRUCTURE AND MODELING OF
INTERLINKING CONVERTER

A. System Structure and Operation Modes

The considered interlinked ac and dc microgrids are shownUsually, a voltage source inverter (VSI) can be adopted
in Fig. 1, in which an interlinking converter (IC) is utilideo for the interlinking converter. And a sample configuratien i
link the ac and dc microgrids together. Each microgrid has ghown in Fig. 1. In natural reference frame, considering the
own sources, storages and loads. The interlinking convertéc-link voltage dynamics and ignoring conducting resisésn
between the two microgrids, is to provide bidirectional pow of the switching devices in the IC, the complete average
transfer depending on present generating and loading corgvitching dynamics of the interlinking converter can beegiv
tions of each microgrid. The formed interlinked microgrid®y
can be tied to the utility grid through a solid state transfer
(SST) based energy router [32]. In the grid-connected mode, Vic 4. = (1/Cac)irc_de — (1/CacVic.ae) Uy, wuolic ave
the energy router can operate as a constant power source [18fi;¢ .. = (—Rrc_t/Lic_t) irc_abe

B. Dynamic Linearization Data Model of 1C

seen from the main utility grid side, injecting (or absoi)in + (1/L1c_s) (Vic.deWabe_ave — VIC o_abe)
constant active power to (or from) the utility grid 50 as td N0 v;¢ , abe = (1/Crc_f) (i1¢_abe — i1C_o_abe)
to disturb the main utility grid unnecessarily. It meansttha ' ()

for the main utility grid, the distributed energy sourceslwiwhereirsc abe, Vic_o_abes Wabe_ave, @Ndirc o abe @re ac cur-
become “controllable”, which is great beneficial to the 8igh rents of filter inductance, ac voltages of filter capaciteerage

of the main utility grid. The interlinking converter, in bot switching signals and ac output currents of the interligkin
grid-connected and islanded modes, will provide bidicrwi converter, respectively/;¢ 4. andirc 4. are dc-link voltage
power transfer to participate in proportional power shgrirand input current, respectivel.;c f, Ric_¢, Crc_y and
between the two microgrids by using the proposed dual-dro6f. are the filter inductance, filter resistance, filter capaci-
control. Sources should decide on the right amount of energnce, and dc-link capacitance, respectively. We chd®se.

to produce to meet the load demand rather than produce mard v;c , o5 @S the system outputs when the interlinking
imum or optimal powers continuously in both grid-connectecbnverter operates in mode-1 and mode-2, respectively, and
and islanded modes. In this paper, three operation modesu@f. ... as the system control inputs. Then the dynamics, for
the interlinking converter are considered as follows. digital implementation, can be expressed in a discrete-tim
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domain with the conversiof (s) = (1 —e~*") /s as

Vic_oabe (k+ 1) =f1 (Vic o abe (k) -+ s VIc o abe (B — dy1)
s Uabe_ave (K) 5 )+ s Wabe_ave (K — du))
Vicae (k+1) =fo (Vic,ae (k) -+, Vic,de (k — dy2) ,
Uabe_ave (K) -+, Uabe_ave (K — du))

)

T
where VIiC_o_abe = [U%C_o_aa VIC_o_b; UIC_O_C] y Wabc_ave
[ua_av67 Ub_ave uc_ave] . LetVy = VIC_o_abe Vs = VIC,dca

Upon the parameter®, (k) estimated, the DDMFAVC
controller can be designed as

u(k) =u(k—1)+ &7 (k) [ozl- + &, (k) BT (k)} B
X Vi (k1) = Vi (k) = KV (B)], for [ AU (k)| < 8
u(k)=u(k—1)+9-sign(Au(k)),for |AU (k)| > 256)

wherea; = diag (a1, a2, a3), az = a4, and 'V} (k) are the
reference trajectories.

U = Ugbe ave, @NdEx = fo, then the dynamics in (2) can be The stability of the proposed DDMFAVC closed-loop con-
expressed as trol system (6) can be guaranteed by using the Lyapunowebase

stability theory. Detailed proof can be found in [31].
Vi(k+1)=£(Vi(k), -+, Vi(k—dy),u(k), It is worthwhile to remark here that the designed voltage
cou(k—dy)),i=1,2 controller (5) and (6), unlike the robust controller [23tep

dictive controller [24], et al., can be obtained and impleted
where d, and d,, are the unknown orders, anfi(-) are gasily only by using input-output data through the dataedri
unknown nonlinear function vectors. _ _control theory. Mathematical models are not required in the

As mentioned in the previous section, uncertainty dynamiGgesign of the proposed controller. The controller is a logest
unmodeled dynamics, and disturbances widely exist in thgnolier since it does not require any external testiggais
mter_lmked mlcrpgnds, and it is difficult to obtain th.e umdwvn - 54 any training process. It is simple and implemented easil
nonlinear function vectof; (-). Therefore, data-driven-based,nq flexibly with small computational burden. It is also suit
partial form dy_nam_|c linearization (_PFDL) can be the be%{ble to complex and large-scale practical systems paatigul
to be adopted in this paper to obtain the equivalent dynamig the interlinked microgrids since the structure of thaml
linearization data model of system (3). is often difficult to determine and the parameters are hard to

The implementation of the data-driven MFAC method i§jentify and necessary process information that the dete
usually based on two assumptions: 1) The partial derivativgiEac needs can be directly extracted from huge amounts of
of with respect to control inputs are continuous; 2) Systefiocess data. On the other hand, the voltage controller can
(2) is generalized Lipschitz. These assumptions imposed 98 jnplemented flexibly under different operation modes tha
the controlled system are reasonable and acceptable from;& jetermined by the dual-droop controller discussed tailde
practical viewpoint. Assumption 1 is a typical condition ofy the following subsection. Additionally, with respect tioe

control system design for general nonlinear systems. Apsumyjtage controller design, complex coordinate transfdioma
tion 2 limits the rates of changes of the system outputs drive;, pe avoided.

by the changes of the control inputs. From the ‘energy’ point
of view, the output energy change rates inside a system ¢anpo Dual-Droop Controller
goto inf_inity if the chgnges of the control in_putenergy arain Proportional power sharing is necessary. In this paper, all
flmte altitude. Acco_rdlng to these assumptions and Thedrerqhe DGs in each microgrid are seen as a larger equivalent
in [27], for the nonhlrl\ej\r syste(;n ®3), 'Fhere;nust bte). paramsete.iqllable distributed generator by summing all their re
®; (k),vi = 1,2 called (pseudo partitioned Jacobian matrix; o tive source characteristics. The power ratings andsloa
PPJIM), and_sy_stem (3) can be transformed into the followi microgrids are usually different in practice. Consedlyen
PFDL description whell AU (k)| # 0: this allows back-up reserve with each microgrid to be reduce
AV, (k+1) = ®; (k) AU (k),Vi considerably and overstress of each microgrid to be avoided

as well, resulting in greater reliability.

Despite the well-recognized droop control strategiesan-st
dalone ac or dc microgrids, proper power sharing among multi
ple microgrids tied together through the interlinking certer

[1l. PROPOSEDCONTROL SCHEME
A. Data-Driven Model-Free Adaptive Voltage Controller cannot be achieved by the conventional droop methods. Con-
sidering the statements in Section |, to achieve propaation

Based on the PFDL system (4), the DDMFA/C controlleﬁower sharing between the interlinked microgrids and parti

g)rfthe mFe.rImkmgt; (t:r(])nvert?r lem be dezlgned n the fOIhIZng ipate in voltage and/or frequency regulation simultanBous
elore giving out the controfler, an ObSErveris propose ﬁst like DGs in microgrids, a dynamical dual-droop control

tehstlmgte tthe pa;alt[nelteisifg). (;P‘]M)’ gnd tge observer an scheme with power management and distribution is proposed
€ adaptive update law fab; (k) are given by in this paper. The proposed dual-droop control charatiesis
Vi(k+1)=V;(k)+ ®; (k) AU (k) + K; V; (k) of the interlinking converter for active power sharing aravan
<i>;f (k+1) = «i>;f (k) + Ty (k) in Fig. 2. Their mathematical representations are given as
(vz (k + 1) - F’Lvl (k)) AU (k) Il><3L (W?C,pu,tk - w]C,pu,nlax)/&Ic-,tk
Prey, = (V* v
1

C,dc,pu,ty, ~ Y IC,dc,pu max

®)

=1,2 (4)

where each variable is given in Appendix A.

(®)
()

where all the variables are given in Appendix A. Frc.,
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A to the black dots shown in Fig. 3. According to droop control
@ 1Cpumax=1 principle, achieving proportional power sharing betwdenac
and dc microgrids means maintaining. ,. = Vic,pu = &,
corresponding to the red dashed horizontal line drawn in Fig

Vl( '.dc.pu,lna.\':l

Y . . .
ICdepuik Otk 3. Therefore, equation (9) can be obtained.
VIC,dc,pu min o
—w =1 Wae,pu,to + kacPIC,to = Vdc,pu,to - kchIC,to (9)
ICpu,min™=
Picma Prca Prca) Picmi o WherePlcyto_ is th_e dgtermined active power to be transferred
l power injected to dc microgrid ] [power injected to ac microgrid] “ FhrOUQh the Interllnklng Converter for proportlonal povwar'
ing att = to. Prc+, Ccan be rewritten as
Fig. 2. The proposed dual-droop control characteristicshefinterlinking v Cw
converter. Proi, = de.pusto ac,pu,to (10)
kac + kdc
AVaepu Vicepa* @I A Qacpu Upon reaching the steady state, proportional active power
\ sharing between different types of microgrids in the i
Vicput, 4 Oacpusi, ing converter enabled system can be realized due to the same
\'k'_'_'_'.'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_' f‘.s.y‘ "g'_s'_,;ﬂ'_'_'_'_'_'_'_'_'_'_'_'_ii'___\,\ vertical axis valuesuuc pu = Vaepu = &) Of the consolidated
-\- __________________ é:_; __________________________ Dac,pu,ty droop lines.
Vidpiten i \ After that, when the loads in the ac and dc microgrids
A\ ; ; A\ changes, the active power command will be updated using
L p, * —>»p —»p,_ the following equation
H . Plt't Plt't PIL'! H H
de-microgrid Interli;ﬁ(ing cgnverﬂter ac-microgrid k ky
ac C
PIC,tk+1 = PIO,tk - A—PLU,C + APLdC

kac+kdc kac+kdc

Fig. 3. lllustration of proportional power sharing procesalized within the
intertied ac and dc microgrids. N Pde Pac
= Tuotkae (Vdc,pu,tk+1 - wac,pu,tk+1) k>0
(11)

where 5;c,,, and krc, are the active droop coefficientsyhere P, ,, represents the active power to be transferred by
and “pu” represents the per-unit values that are defined Bye interlinking converter when loads changed at the tire
applying the expressions in [17]. tey APrqe and APy 4, represent the increased active powers of
For the appropriate power flow decisions using only varihe ac and dc microgrids at the time= ¢;,_.1, respectivelyp,.
ables measured locally, different thresholds can then be g@dy,. represent the active power that should be shared by the
for the frequencies and voltages to distinguish when the mje and dc microgrids, respectively, A0 putr s Viesputein
crogrids are under-loaded (UL), normal-loaded (NL), orrevegre the measured terminal ac frequency and dc voltage at the
loaded (OL) in terms of active powers. Using the proposqﬁesem timet = ¢4 1.
dual-droop control, the interlinking converter will haverée  Considering the defined operation modes and thresholds, a

operation modes defined in Section Il, and at any instantjfore general expression of (11) can be given as
just operates at one mode.

Conventionally, within the ac microgrid for example, aetiv 0, when Vie,pu,t,. Wac,pu,t
and reactive powers at the source terminals are measured f6FC.tx = ) € (§ur,&max] U [§mins Soz] .+ (12)
determining reference values for its frequency and voltage Farhr (Vaeputi = Wac,pu,ny,)  others

magnitude. However, the active power command of the in- Seen from equation (7) and (12), the interlinking converter
terlinking converter in this paper is determined by the prononitors the operating of the ac and dc microgrids, and
posed power management and distribution module. Underlyigpdates the active power command in real time only using
principles of this new droop control scheme can better bge measured ac frequency and dc microgrid voltage. Upon
understood by referring to the example drawn in Flg 3.1 thﬁhe determined active pow@"lcmCJrl transferred by the inter-
figure, the droop lines drawn in the left and right sides are fanking converter, proportional active power sharing besw
representing the normalized consolidated droop respasfseghe ac and dc microgrids can be realized. However, it should
the ac and dc microgrids given as be noted that using Eq. (12) will cause almost continuous
operation of the interlinking converter for any load vanas
that will result in more power loss in the converter. Moremve
when the deviation is small enough, it is not necessary for
wherek,. and k4. are droop coefficients. the interlinking converter to transfer the active powereTh
When the interlinking converter starts to operate at firghain reason can be summarized as: 1) the determined active
time, the interlinking converter will “know” the operatirgpn- power is too small and much of that will be loosed in the
ditions of the two microgrids by measuring the local terrhinaonverter under this condition; 2) reliable operation oé th
ac frequencies and dc voltages. For instance, they igitiaBystem cannot be affected even if the determined active powe
operate atvge pu,t, and Ve pu t,. respectively, correspondingis not transferred by the interlinking converter. Therefao

Wac,pu = Wo,pu — kacpac 8
Vdc,pu - ‘/o.,pu - kdcpdc ( )
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avoid this, threshold of the deviation is introduced into. Eq

(12), and then Eg. (12) can be rewritten as follows:

Obtain V. and wy,

1 1
PIO;tk = Fuotkae (Vdc,pu,tk - wac,pu,tk) (13) from each microgrid
u |VdC~,Pu-¢k - wacﬁpu-,tk| - 77) ¢
where v (-), is the unit step functiony is the thresh- Calculate Prcu

old of the deviation and it can be expressed ms=

f (Vae,puty s Wae,pu,ty )- EG. (13) can be better and more eas- No
ily illustrated by using Fig. 8 which is a three-dimensional No

space Cartesian coordinate reference frame constructed by Yes Yes

Vie,pur Wae,pu @nd n. As shown in Fig. 8, the_ syrface Update the coefficientd,| [Update the coefficient 7
Sapcp represents the absolute value of the deV|aW9n: by using equatioP (14), by using equation (14),
[Vac,putr — wac7py,t,c|, andSppsr and Srcuc represent the and caleulate @ ., by | |and caleulateV,c 4 by
over-load and light-load conditions of both the ac and dc  |using equation (7). using equation (7).

microgrids, respective\Sgrg i1y can be the considered area

in some other operation conditions, where active powerctoul Lock IC

not be transferred due to the small deviation. Taking therabo -
into consideration, the surfac®s, g, r, ¢, m,1, iS designed to 6

be the thresholdy = f (Vic,pu,tx » Wac,pu,t,) OF the deviation m

in this paper. Thus, when both the ac and dc microgrids

are operating in light-loadSrcr¢) or over-load Spryr) Fig. 4. lllustration of the flow chart of the dual-droop caitr
condition, none active power would be transferred from one

microgrid to the other due tg. < 7. On the other hand
when the microgrids are operating in the areaSefray; s,
the interlinking converter would not transfer any activeveo
due to the small deviation angl < n. Therefore, continuous
operation of the interlinking converter can be avoided.slt
worthy to remark here that the threshold(Sg, g, r,cy 5, 1,)
can be flexibly designed according to the requirements
practical applications by using Fig. 7.

As discussed in the literature [16], [17], [19], currentisme,
rather than voltage-source, characteristics are exdilbyethe
interlinking converter. In order to participate in voltaged
frequency regulation, data-driven model-free adaptiVitage
controller is proposed in this paper for the interlinkingneo

verter. Therefore, dynamical tuning of the proposed duabp LSLt]_ray”behobtained i‘:jY]ffe eliminatféc from tTde ;ql:r?tion,
lines is indispensable, making the determined referenkeeva ut it really nas some diflerences. These could be Ine reason

. that we use the determined active pow&y as a medium to
w?C,pu,tk+1 or VI’FC,deu,tk+1 equal to&,,.,. This can be

realized by updating the coefficients of the dual—droops]inecalCUIate. the refergnce@c_’pu and ‘/I*Cvdqapu Of. the_ IC. This
using the following equation concept is shown in the flow chart depicted in Fig. 4.

" And if the frequencywac pu,t,., and dc voltageVic pu.i, .,
don’t change, the active power commaRg- ¢, ., and coeffi-
CIeNtSG 11,41 k1c,1,,, Will be maintained atPre,q,, Grc i,
and krc.t,, respectively.

Therefore, we could find that the dual-droop control pro-
%?sed in our paper mainly includes two stages. The first stage
iS to guarantee the proportional power sharing which can be
realized by calculatingP;¢c using equation (13) according
to the present load condition of each microgrid. And the
second stage is to realize accurate dc voltage and ac freguen
regulation which can be achieved by using equation (7) and
(14). We admit that droop characteristics similar to [19§ an

G1C 511 = NoO1C,0, Prc yyn > 0 (14) C. Secondary Controller Design
kiC i = Mek1ca, Prop., <0 Although droop control method has been widely studied
whereA, and A, are given in Appendix B. and applied in ac and dc microgrids, conventional droop con-
The updating process of the active power command atrdl can cause frequency and voltage deviation, reducieg th
coefficients is also illustrated in Fig. 3. reliability and the performance of power sharing. Therefor

It can be seen that using the proposed dynamical dual-dro@gious secondary control schemes have been developed to
control strategy (7), along with the active power commamméstore the frequency and voltage to their nominal values.
management and distribution method (13) and the coeffiedtithough droop control is used as primary control and non-
updating scheme (14), proportional power sharing betweproportional power sharing schemes are discussed in some
the ac and dc microgrids can be realized by the interlinkirnmapers recently, it should be noted that these works coratent
converter as well as participating in voltage and frequeegy only on DG control within one microgrid. Regarding the
ulation. The interlinking converter will update the actpewer interlinked ac and dc microgrids, the secondary and tgrtiar
commandPyc ., and coefficientss;c 4, , and IEIC,MI if control and non-proportional power sharing control used fo
it “finds” the frequencywac pu,t,., Of the ac microgrid and/or interlinked microgrids have not been previously invedtga
dc voltageVie pu,t,,, Of the dc microgrid deviate from the by other researchers. In this paper, dual-droop controhatet
present consensus valgg;, mainly due to load changing andis also used as primary control and secondary control scheme
source changing, reaching at a new consensus §tate,. are proposed and discussed to achieve proportional power
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< Communication link > frequency to their nominal values by cooperating with the IC

— — t i when some active power is transferred. When each microgrid
= Vo % g Y o £ is operating in islanded mode or no active power is transterr
% g é i Logic signal by the interlinking converter, the secondary controllérBGs
° lcontyotier|| & | |controner| 2 generation of will remain working. The deviations of dc voltage and ac
5 Micaom = Ao 1 frequency will be introduced by droop control when the load

17 . . . .
g —— E H| & changes, resulting in deteriorated power sharing. The powe
@ o a s s | P A sharing could be improved by restoring the dc voltage and ac
s w i ],—l b frequency through the secondary controller.
* i 4

Data-driven Dual-droop PLL and

controller ! controller “Normalizatio . . . .
Eq. (6) Eq. (7),(13),(14) mechanical behavior of a synchronous machine which offers

K | TV o Ly synchronization power to eliminate the need for a PLL. Then
the VSC dc-link can be viewed as a virtual rotor and some
inerter is introduced. Therefore, the VSC has the ability to
synchronize with the grid and the frequency can be restored
to the preset value under the action of the inerter, which
<Cd allows the secondary controller to be avoided. The control
‘ i1C abe idea of our paper is based on principle of droop control.
TJ J"}J"} Cic VIC_o_abc The droop controlled DG does not have the inerter existed
in the synchronous machine. Therefore, the dc voltage and ac
frequency could not be restored to the rated values withaaut t
Fig. 5. Details of the secondary controller for the intddiry converter in N€lp of the secondary controller. The idea of our paper may
the hybrid microgrids. be different from that of paper [34].
For the control of dc voltage and omega, due to their de-
pendence [35],the IC can generate the synchronized referen
sharing among microgrids, and the distributed secondany c@alue and send it to the microgrids to be the reference vdlue o
trol schemes developed in [33] are adopted, which elimhe secondary controller. With the help of the secondary con
nates the design of new secondary controllers for DGs fibllers of each microgrid, the dc voltage or the ac freqyenc
microgrids. It should be noted that the secondary controllean be kept stable and almost constant. Thus the dc voltage
can be avoided in [34] due to its cascaded frequency, angled omega could be controlled relatively independently to
and virtual torque control topology which makes the VS@ansfer active power. Particularly, the performance i
emulate the mechanical behavior of a synchronous machipgtter if the steady state of the secondary controller can be
Thus the VSC can offer synchronization power to eliminatgchieved within fast finite time. Similar method can be found
the need for a PLL. LetAVicpu = Vi gepu — Vaeps in [36]. When the synchronization between the dc and ac
and Awaepu = Wicpu — Paepu- THE distributed secondary microgrids is achieved, the IC will again generate refeeenc
controller for the |nterl|nk|ng converter can be expresssd value for the secondary controllers to restore the dc vekag

angle and virtual torque control topology to emulate the

4 The idea of [34] is to develop a cascaded frequency,

L]C f Rl(;f ilC o

2
S
8

W

Interlinking Converter ;Primary control
S5y
|%_“
._‘IZ‘_-I- -
._‘IZE-

follows: and frequency to their nominal values. In addition, data-
AV1Cdepu = lipy AVie pu + Eiv [ AViepu driven control method is developed in this paper, which has a
. ’ 15 i iti
AWrC = Fipw Awaepu + Fiwr | Awacpu (15) good robustness and is not sensitive to the system parameter

variation. Therefore, with the help of the secondary cdlers,

wherek,y, ky., kiv andk;, are the Pl controller parametersithe cooperation between the IC and secondary controllers,
Wicpu @nd Vig .., are the frequency and voltage of theand the data-driven method, the dc voltage and omega could
ac and dc microgrids, respectively, when the synchromiratibe controlled relatively independently. The benefit is tiat
is achieved,w,, pu and Vdc pu @re the average frequencycontrol could be relatively flexible and that the provisioh o
and voltage obtained through the communication networkequency and dc voltage would be better.
Awrc py andAvre 4 py, are the secondary control signals sent
to the primary control level. A detailed block diagram of the i
secondary controller of the interlinking converter is shaw D- Overall Control Diagram
Fig. 5. The overall control block diagram showing the realizatién o

It is worth noting that the IC can cooperate with theéhe proposed dual-droop control for the interlinking catee
secondary controllers of DGs in each microgrid. It is desan be found in Fig. 7, in which the secondary controller
termined by the logic signals generated by the logic signial not included. Firstly, the interlinking converter caitis
generator of the secondary controllers. Details of the flowalized by measuring the local ac frequency and dc terminal
chart of the logic signal generator is shown in Fig. 6. It igoltage. These measured variables upon normalized by using
shown that if the dc and ac microgrids are interlinked bgthe method proposed in [16] are then used to determine the
the interlinking converter, the secondary controller of ©i6  active power commané; ¢, ., (Eq. (13)) for the interlinking
microgrids will be started to restore the dc voltages and aonverter. According to the determined active power corranan
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Each microgrid is operating in islanded mode?

N Active power 2

command

generation
Eq.(13)

Coefficient
updating Eq.
(14.a)

Calculate Pic

Coefficient
updating Eq. H—]
(14.b)

I
I
I
I
I
I
I
iNormalization Jr
I
I
I

Measurement and !
Normalization  Power management and distribution

* *
Send V]C,(/(..pu to the Send @,c ,, tothe §

ac and dc microgrids ac and dc microgrids
*
O1C,pu,tk
b Data-driven model-free
vlC,dc,pu,l N u

adaptive voltage controller| PWM
Eq. (6) ,, ,,,,1%,,,,,
r } w &
. = e
Send a)ac s Ve puto z - | adaptne
the ac and dc microgrids, 6) NV, Vv }
respectivley. y (k) 11 ,‘ w
6 Z(k) V. Vs “ adaptlwe4 .
m [

Fig. 6. Flow chart of the logic signal generator of the seyl'(:jlg' 7. Overall control diagram for the interlinking contest

controllers.

Prc.,..., the operation mode of the interlinking converter ca@ompared with [19] and [34], accurate active power sharing
be selected and then the corresponding coefficient updatargd synchronization reference signals can be quantitative
signalGrc,t,,,, Or lzrzc,tkﬂ (Eq. (14)) can also be generatedguaranteed in theory in this paper. The former is realized by
Secondly, using the proposed dual-droop controller (On@l the coefficient(k,. + kdc)il in equation (13) and the latter
with the active power command@;c,g,c+1 and coefficient is realized through equation (7) and (14y)(The IC can
updating signals;c.t,,, or kic,.,, the referencesy pu generate the synchronization reference values to ediatiés
Or Vi ge.pu Will be determined. Finally, these references wiltooperation between the IC and the secondary controllers in
be given into the inner data-driven model-free adaptivéagel each microgrid. Thus both the active power sharing and the
controller. restoration of the dc voltage and ac frequency can be rehlize
According to the control diagram, a PLL is used to detect The main advantage of [19] is that it eliminates the need
ac frequency for the dual-droop controller. For the innd@r any communication between microgrids, resulting in rel
loop controller, a data driven model-free adaptive coterol atively fast response, and flexible and convenient desigh an
is designed, which, unlike the conventional Pl controllepplications. The advantage of [34] is that the system Igtabi
does not require the ac voltage and current obtained framenhanced due to the introduced virtual inertia and the PLL
the coordinate transformation by using the frequency frofd secondary controllers are avoided by designing theaont
the PLL. The dynamic 1/O data that the DDMFAC requiretopology to emulate the behavior of an SM. However, the
could be extracted directly from huge amounts of the reabrdadvantage of our paper is that the IC can properly provide
process data or observer. Maybe, this has nothing to do wéth voltage and ac frequency support while keeping accurate
PLL directly. The system and controller would not be evidient proportional active power sharing, which is helpful for the
affected by the PLL that just provides the frequency for thefable operation of the system especially when the system is
dual-droop controller. not connected to the utility grid. The IC can also cooperate
frequency vs.V,. droop in [19] and [34] can be sum-With the secondary controllers of DGs in each microgrid by
marized as follows. ij Compared with [19] where the IC generating synchronization reference values for the skaryn
operates in current-controlled mode, the IC with the pregoscontrollers thereby helping the microgrid to restore the dc
method in our paper can provide dc voltage and ac frequer¥§jtages and ac frequency to their nominal values. Another
support since it is not current-controlled mode. Additiyya One is that DDC method is adopted in the paper which has a
communication is adopted in our manuscript to obtain tH#00d robustness.
variables from and send information to the microgrids, eesp
tively. (i7) In [34], the control method was developed from IV. SIMULATION RESULTS
the perspective of SMs, and the dc voltage was controlledTo validate the performance of the proposed control scheme
by both the frequency and load angle. In our paper, tlier the interlinked ac/dc microgrids, the interlinked st
control method is developed from the perspective of droaepicted in Fig. 1 has been simulated in MATLAB/Simulink
control and hierarchical control, and we could control thenvironment. The ac and dc microgrids have its own DGs
dc voltage and ac frequency relatively independently wittnd loads, and are emulated with a dc-ac inverter and a
the help of the secondary controllers in each microgritf) ( boost converter, respectively. A six-switch dc-ac coremntith
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LC filters serving as the interlinking converter is adopte@. Case 3

to interface the ac and dc microgrids. Parameters of therpe gyer load condition of both the ac and dc microgrids
system and controllers are presented in Appendix C. Toweri§ considered in this case. The initial conditions are set to

the feasibility of the proposed controller, different oEng g |\ for the ac microgrid and 6 kW for the dc microgrid,

conditions have been considered. From case 1 tq case 4’r@§’pectively. That means the ac microgrid is initially g
secondary controllers of the ac and dc microgrids are nptoyer joad condition while the dc microgrid is operating in
considered while this is considered in case 5. Some resuli§ma| joad condition. In the steady state, the interligkin
are presented and discussed in detail in the following. converter transfers 1 kW from the dc microgrid to the ac
A Case 1 microgrid, which is discussed in case 2 in detail. At t=3
s, the ac and dc microgrids are changed to 9.5 kW and 9

In this case, both the ac and dc microgrids are initially\y, respectively, which makes both the ac and dc microgrids
experiencing a load demand of 2 kW each; this means that r loaded. This can also be demonstrated by the measured

two microgrids are initially operating in light load conidit. ,rmalized values (-0.9 p. u and -0.8 p. u). According to

According to the proposed control strategy (13), along Wiy 3y the active power to be transferred by the interlinking
the equal measured per-unit valudSi(yu = wacpu = 0-6)  converter is updated to 0 kW, which means the interlinking
of the voltage at dc side and the frequency at ac side, pnyerter transfers no power and each microgrid is resptensi
active power L7c,, =0 kW) is transferred by the interlinking ¢, the power sharing in this load condition. Fig. 11 shows
converter in this condition. The interlinking convertereoptes 1, power and the normalized values of the ac side frequency
in mode-3. Fig. 9 shows the power responses and the P&y the dc side voltage. It can be seen that the interlinking
unit values of the dc side voltage and the ac side frequengynyerter can reasonably manage the power sharing and has
After t=2 s, loads in the ac and dc microgrids are increasgdyoog performance. It is necessary to mention that a loading

to 5 kW and 7 kW, respectively. In this condition, both th@peqding system may be activated in this condition in practi
ac and dc microgrids are operating in normal load conditiop, guarantee the system stability.

Thus the per-unit values of the ac side frequency and dc side

voltage drop to O p.u and -0.4 p.u, respectively. According

to (13),7. > n = 0.2, the active power transferred by theD. Case 4

interlinking converter is updated to -1 kW, which means the |n this case, the initial conditions are set to 8 kW for the

interlinking converter transfers 1 kW from the ac microgod ac microgrid and 6 kW for the dc microgrid, respectively.
the dc microgrid. The operation mode is changed from modehat means the ac and dc microgrids are initially operating
3 to mode-1. Upon reaching steady-state, the ac and dc sourc@ver load and normal load condition, respectively. In the
generations are noted to be the same at about 6 kW each. Afshdy state, the interlinking converter transfers 1 kWmfro
the ac and dc microgrids have the same normalized valuetgé dc microgrid to the ac microgrid according to Eq. (13).
-0.2 p.u Vae,pu = Waepu = —0.2), resulting in proportional At t=3 s, the ac microgrid is changed to 6.5 kW and the dc
power sharing of the total load between the two microgridsmicrogrid remains 6 kW. Although the ac and dc microgrids
are operating at normal load condition, according to (113, t
B. Case 2 active power to be transferred by the interlinking converte
Similar to case 1, in this case, the initial load conditiong updated to 0 kW ®;¢,, =0 kW) since the deviation is
are set to 5 kW for the ac microgrid and 7 kW for the dgess than the threshold/ < 7), which means the interlinking
microgrid. The interlinking converter transfers 1 kW frohet converter transfers no power and each microgrid is resplnsi
ac microgrid to the dc microgrid in the steady-state desctibfor the power sharing in this load condition. Fig. 12 showes th
in case 1 to achieve proportional power sharing. At t=3 s, tiwer and the normalized values of the ac side frequency and
load demands of the ac and dc microgrids are changed to 8 k¥ dc side voltage. It can be seen that small deviation of
and 6 kW, respectively. Then normalized values of the ac sifige per-unit values exists between the ac and dc microgrids,
frequency and dc side voltage are changed to -0.6 p. u and -Qx4 that the interlinking converter can reasonably maniage t

p. u, respectively. Upon sensing the mismatch in normalizg@wer sharing and has a good performance.
values, the amount of the active power to be transferred dy th

interlinking converter is updated to 1 kW according to (13

resulting in the interlinking converter to reverse the powe™ ase 5

flow with 1 kW shifted from the dc to ac microgrid. Thus Based on case 4, the secondary control scheme is added
the wrc p, — P droop is selected and updated to control thie this case. The load conditions considered in this sim-
frequency. The operation mode of the interlinking convede ulation is the same as that in case 4. Fig. 13 shows the
changed from mode-1 to mode-2 now. Fig. 10 shows the povwsmulation results, from which it can be seen that the per-
responses and the normalized values of the ac side frequennit values of the ac frequency and dc voltage are restored to
and the dc side voltage. It can be seen that the total loadzexo corresponding to their nominal values with help of the
proportionally shared between the ac and dc microgridsién tsecondary controllers. Specifically, at t=2.1 s, synclratinn
steady-state, the ac and dc source generations are noted tes kachieved between the ac and dc microgrids, and the per-
the same at about 7 kW each. And the ac and dc microgridgisit values of dc voltage and ac frequency meet the condition
have the same normalized value of -0.4 p. u. of | Ve putx — Wacpu,t,] < € = 0.1. Therefore, the IC sends
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voltage and ac side frequency. voltage and ac side frequency.

signals to the ac and dc microgrids to change the reference <yl iAC |
values of the secondary controllers. Then, the secondary | ?

controllers of the DGs in microgrids are started to restbee t
dc voltage and ac frequency to their nominal values. At t=3 s, ||
the ac microgrid is changed to 6.5 kW and the dc microgrid .~ "
remains 6 kW. In this load condition, no active power is armiy 52K
transferred by the interlinking converter since the déviats AC Microgrid

Line-2 :
:‘ § RC Microgrid
less than the threshold < 7), which means each microgrid
is responsible for the power sharing. Therefore, the seagnd

ot ol
\ Two Horizontal
. . . . Load axis WTs
controller of the interlinking converter is stopped to wankd

the secondary controllers in each ac and dc microgrid remaip. 14. The tested interlinked ac and dc microgrids.

working. The dc voltages and the ac frequency in dc and ac

microgrids can be kept at their nominal values, respegtivel

of 10 kW PV arrays, meanwhile the dc microgrid consists of
5 kW PV arrays and two 5 kW horizontal axis WTs. The light
V. EXPERIMENTAL RESULTS - o, -
load condition, normal load condition and overload coioditi
For verifying the practicality of the proposed scheme, & teare considered for two interlinked microgrids.
interlinked ac and dc microgrid system shown in Fig. 14 was Note that ratings of the two microgrids were intentionally
built in the laboratory, comprising an ac microgrid and a deet the same with that of the simulation to demonstrate
microgrid. The ac microgrid and the dc microgrid is conndctaheir equally satisfactory responses. Under proportiactie
through the interlinking converter. The ac microgrid cetsi power sharing, the p.u. values of the ac frequency and dc

Controller for

" DC Microgrid

Interlinking
Converter
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voltage, normalized with respect to their ratings, wereagisv 12
the same in the steady state. The experiment was divided into
four stages:

Firstly, the load in the ac microgrid is 5 kW and the
load in the dc microgrid is 7 kW which means the two
microgrids are operated under normal load condition and the
ac microgrid should transfer 1 kW from ac microgrid to dc
microgrid through the interlinking conventer; Secondlye t
load in ac microgrid is changed to 8 kW and the load in dc
microgrid is changed to 6 kW which means the two microgrid
are also operated under normal load condition and the dc
microgrid should transfer 1 kW to ac microgrid through the
interlinking conventer; Thirdly, the load in ac microgrid i
changed to 9.5 kW and the load in dc microgrid is changed 3
to 9 kW which means the two microgrid are also operated
under overload condition and there is no power through the
interlinking conventer; Fourthly, the load in ac microgiil Fig. 15. The output active powers of the ac microgrid and thenécrogrid
changed to 6.5 kW and the load in dc microgrid is chang )
to 6 kW which means the two microgrid are also operated
under normal load condition; because the deviation is less
than the threshold , there is also no transfer power through 2r
the interlinking converter.

Fig. 15 shows the experimental power waveforms about the
output active power from ac and dc microgrids respectively.
From the Fig, it can be found that at the first and second stage,
the two microgrids can share the load in average and at the
third and fourth stage, the two microgrids are not necessary
to share the load in average. Fig. 16 shows the experimental
power waveforms about the active power transferred by the
interlinking converter. Fig. 17 and Fig. 18 show the pertuni
values of the ac microgrid frequency and dc microgrid vatag
and the ac grid voltage, respectively. It could be easilyntbu
that proportional active power sharing was achieved angthe 25
u. values were also always the same and they can be restored Time
to their nominal values. ) ) S

It is worthwhile to remark here that the computation burdgp? 16-  The transferred active power by the interlinkingnatter (W).
of the proposed DDMFAC scheme in our manuscript could be
not really larger than other adaptive methods such as robust
adaptive control, neural network adaptive control. In &ddi
to the update equations, the uncertainty dynamics should be
estimated for the robust adaptive control and large trgmin
are required in the neural adaptive control method. These al
need considerable computational burden. Data driven MFAC
method does not require a priori physical and mathematical
knowledge of the system, training process, which allowslisma
computational burden, easy implementation and applicalio
order to cut the computational burden, the parametgrand
d,, could be selected properly according to practical scegario

Active power output of each microgrid (kW)

Time

Active power transferred by IC (kW)

'
N
T

0.6r

0.41

-0.2
-0.4
-0.61

-0.8f

Ac grid frequency and dc grid voltage (p.u.)

VI. CONCLUSION 0 1 > 3 4 5 3 7 3

This paper investigates on coordinated power sharingsssue e
of interlinked ac and dc microgrids. To realize proportionaig. 17. The ac grid frequency and dc grid voltage (p.u.).
power sharing between ac and dc microgrids, a novel primary
controller including a dual-droop controller and a dateeit
model-free adaptive voltage controller has been firstly- proestore the dc voltages and the ac frequency to their nominal
posed in this paper. Following, a secondary control schemaues. Using the proposed scheme, the interlinking coexer
has also been proposed to cooperate with each microgridjust like the hierarchical controlled DG units, will haveeth
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Fig. 18. The ac grid voltage (V).

ability to regulate and restore the dc terminal voltages and
the ac frequency while keeping proportional power sharing.
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Aéort, = &t — EoOL, Alminty, = sty — Emin,
Aws,thrl = gs,tk —Wac,pu,tyi1: A‘/s,tk+1 - gs,tk _Vdc,pu,tk+1i
AVW-,tk+1 = Vdc,pu,tk+1 — Wac,pu,tpqr-

APPENDIXC
TABLE |
SIMULATION TESTSYSTEM PARAMETERS
dc-microgrid
Line-1 0.1
Line-2 0.1
Nominal voltage 650 V
ac-microgrid
Line-3 0.05Q 0.25 mH
Line-4 0.05Q 0.25 mH
Nominal frequency 50 Hz
Nominal voltage 380 V (L-L)
Interlinking converter
Filter inductance 3 mH
Filter capacitance 500 puF
dc-link capacitance 2200 uF
Parasitic resistance 0.01Q

Moreover, the design of the controller is only based on

input/output (I/0O) measurement data but not the model any
more. Simulation and experimental results have been given t

verify the proposed power sharing strategy.

APPENDIXA
Variables in equation (4):
AU (k) = [Au” (k) , -+, Au” (k= L+1)],
AV (k+1)=V;(k+1) -V, (k),

Au(k—i+1l)=uk—i+1)—ulk—i),i=1- L,
T T T T
G N SO SO
Wk o k) ol (k)
= | o) (k) o (k) o (k)
o%y (k) 0% (k) ¢y (k) !
o (k) o5 (k) @lF (k)
S0 (k) o) (k) ¢y (k)
o5 (k) oS (k) o5y (k)
@y (k)= | oY (k) 05" (k) 05" (k)
and

o (k) o (k) 98 (k)
1@ (k)| < C;, C; > 0 are constants, is a positive constant
called control input length constant of linearization foet
discrete-time nonlinear system.

Variables in equation (5)K; = di

Ka, T (k) = Ta (k). Ty (k) = diag Ty (k) T2 (k) . Ts (k)),
L) = 2(IAURIP+pm) i = 1,234 F
diag (Fy, Fy, Fs), Fo = Fy, andV; (k) = V; (k) = V; (k).

ag (kl,kg,k3), K2 =
1 (

APPENDIXB

Variables in equation (14):
kaAgOL,tk_MAws,tk+l —AVy,

_ Eac tht1 —
Ay = krcAlor.,t), +AVu 1y, G108y, » kro = kactkae,
k
k1o Aémin,t, — 2% Aws ¢ —AVs ¢
Ay = b Fac ket k+1

krc A&min,t, +AVe 1), kro,

TABLE Il
SIMULATION PARAMETERS AND RANGES

dc-microgrid

Maximum active 10 kW
powerPdcfmax

\oltage rangeV,.

640 V < V,, < 660 V

Droop coefficientk .. 0.0002W 1
Secondary controller gaing kpy =0.01, kiyy =4 s~ 1
ac-microgrid
Maximum active 10 kw
powerPacfmax
Maximum reactive 5 kVAr

power Q(LC*II\'&X

Frequency rangé€. 49 Hz < fqe < 51 Hz

Droop coefficientk,. 0.0002W T

Secondary controller gaing kpw = 0.01, k;, = 0.6 s~ T

Interlinking converter

505 Hz< f;c < 51 Hz
(0.5p. u.< fropu < 1p.u) (UL)
495 Hz< f;c < 50.5 Hz
(0.5 p. u.< fropu < 0.5 p. u.) (NL)
49 Hz < fro < 49.5 Hz
(-1 p.u.< fropu <-05p. u) (OL)

Frequency range

655 V< Vig.ae < 660 V
(0.5 p. u.< Vic,de,pu < 1 p. u) (UL)
645 V < Vi¢ ge < 655V
(-0.5 p. u.< Vi de,pu < 0.5 p. u) (NL)
640 V < Vi 4. < 645V
(-1p.u<svie dc,pu <-0.5p.u.) (OL)

\oltage range

diag (k1, k2, k3) = diag (0.9,0.9,0.9)

Controller parameters Ko =0.9
diag (a1, a2, a3) = diag (0.3,0.3,0.3)
ag4 = 0.15
REFERENCES

J. M. Guerrero, M. Chandorkar, T.-L. Lee, and P. C. Lohdianced
control architectures for intelligent microgrids-partdecentralized and
hierarchical control1EEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1254-
1262, Apr. 2013.

[2] C. Jin, P. Wang, J. Xiao, Y. Tang, and F. H. Choo, “Impleta¢on of
hierarchical control in dc microgrids/EEE Trans. Ind. Electron., vol.
61, no. 8, pp. 4032-4042, Aug. 2014.



IEEE TRANSACTIONS ON SMART GRID, VOL. XX, NO. XX, XXX 20XX

TABLE Il
EXPERIMENTAL SYSTEM PARAMETERS

ac/dc microgrids
Poc—maz = 10 KW (PV — arrays)
Qacfma:v = 3 kVAr
Pdcf’rnaw =10 kW
(PV : 5BkW, WT : 5kW)
640 V< V4. < 660 V
49 Hz < fac < 51 Hz
kae = kqe = 0.0002 W1
kpy = 0.015, kjy = 3.9 s 1
kpw = 0.011, k;, = 0.62 571
Line-1: R = 0.8Q
Line-22. R =05Q,L =18 mH
Interlinking converter

Power ratings of sources

\oltage and frequency ranges

Droop coefficients
Secondary controller gains

Feeder data

Filter inductance 1.8 mH
Filter capacitance 25 uF
dc-link capacitance 2200 uF
L=2
diag (k1, k2, k3) = diag (0.9,0.9,0.9)
Controller parameters Ko =0.9
diag (a1, a2, a3) = diag (0.3,0.3,0.3)
ag4 = 0.15

[3] N. Pogaku, M. Prodanovic, and T. C. Green, “Modeling, lgsia and
testing of autonomous operation of an inverter-based mi@d IEEE
Trans. Power Electron., vol. 22, no. 2, pp. 613-625, Mar. 2007.

Q. Sun, Y. Zhang, H. He, D. Ma, and H. Zhang, “A novel enefgyction

based stability evaluation and nonlinear control for epéngernet,”| EEE

Trans. Smart Grid, to be published.

N. Bottrell, M. Prodanovic, and T. C. Green, “Dynamic lstiy of a

microgrid with an active load,JEEE Trans. Power Electron., vol. 28, no.

11, pp. 5107-5119, Nov. 2013.

S. M. Ashabani and Y. A. R. |. Mohamed, “A flexible contrdrategy

for grid-connected and islanded microgrids with enhandedilgty using

nonlinear microgrid stabilizer,|IEEE Trans. Smart Grid, vol. 3, no. 3,

pp. 1291-1301, Sep. 2012.

T. L. Lee and P. T. Cheng, “Design of a new cooperative lwrimfiltering

strategy for distributed generation interface converteran islanding

network,” IEEE Trans. Power Electron., vol. 22, pp. 1919-1927, Sep.

2007.

Q.-C. Zhong, and Y. Zeng, “Control of inverters via a umt capacitor

to achieve capacitive output impedanceZEE Trans. Power Electron.,

vol. 29, no. 10, pp. 5568-5578, Oct. 2014.

[9] J. He, Y. W. Li, and F. Blaabjerg, “Flexible microgrid pew quality
enhancement using adaptive hybrid voltage and currentaltenf’ |IEEE
Trans. Ind. Electron., vol. 61, no. 6, pp. 2784-2794, Jun. 2014.

[10] Q.-C. Zhong, “Robust droop controller for accurate pwdional load
sharing among inverters operated in parallEEE Trans. Ind. Electron.,
vol. 60, no. 4, pp. 1281-1290, Apr. 2013.

[11] Q. Sun, J. Zhou, J. M. Guerrero, and H. Zhang, “Hybrideéar
phase/single-phase microgrid architecture with power agament ca-
pabilities,” IEEE Trans. Power Electron., vol. 30, no. 10, pp. 5964-5977,
Oct. 2015.

[12] Q. Sun, R. Han, H. Zhang, J. Zhou, and J. M. Guerrero, “Atiagent-
based consensus algorithm for distributed coordinatedraoof dis-
tributed generators in the energy internéEEE Trans. Smart Grid, vol.
6, no. 6, pp. 3006-3019, Nov. 2015.

[13] J. W. Simpson-Porco, F. Dorfler, and F. Bullo, “Synchration and
power sharing for droop-controlled inverters in islandedtrogrids,”
Automatica, vol. 49, no. 9, pp. 2603-2611, Sep. 2013.

[14] U. Nutkani, P. C. Loh and F. Blaabjerg, “Distributed opi@on of inter-
linked AC microgrids with dynamic active and reactive povtening,”
IEEE Trans. Ind. Appl., vol. 49, no. 5, pp. 2188-2195, Sep. 2013.

[15] X. Liu, P. Wang, and P. C. Loh, “A hybrid ac/dc microgrichdh its
coordination control,”IEEE Trans. Smart Grid, vol. 2, no. 2, pp. 278-
286, Jun. 2011.

[16] P. C. Loh, D. Li, Y. K. Chai, and F. Blaabjerg, “Autonon®wperation
of hybrid microgrid with AC and DC subgrids,JEEE Trans. Power
Electron., vol. 28, no. 5, pp. 2214-2223, May 2013.

[17] P. C. Loh, D. Li, Y. K. Chai, and F. Blaabjerg, “Autonomegontrol of
interlinking converter with energy storage in hybrid AC-Ddcrogrid,”
IEEE Trans. Ind. Appl., vol. 49, no.3, pp. 1374-1382, May/Jun. 2013.

(4]

(5]

(6]

[7]

(8]

13

[18] P. C. Loh, D. Li, Y. K. Chai, and F. Blaabjerg, “Hybrid ADC
microgrids with energy storages and progressive energy floving,”
IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1533-1543, Apr. 2013.

[19] N. Eghtedarpour, and E. Farjah, “Power control and rganeent in a
hybrid AC/DC microgrid,” [EEE Trans. Smart Grid, vol. 5, no. 3, pp.
1494-1505, May 2014.

[20] X. Lu, J.M. Guerrero, K. Sun, J. C. Vasquez, R. Teodaresnd L.
Huang, “Hierarchical control of parallel ac-dc converteteirfaces for
hybrid microgrids,”|EEE Trans. Smart Grid, vol. 5, no. 2, pp. 683-692,
Mar. 2014.

[21] H. Zhang, C. Qin, B. Jiang, and Y. Luo, “Online adaptivaigy learning
algorithm for H, state feedback control of unknown affine nonlinear
discrete-time systemsfEEE Trans. Cybern., vol. 44, no. 12, pp. 2706-
2718, Dec. 2014.

[22] H. Zhang, and Y. Quan, “Modeling, identification, anchtol of a class
of nonlinear systemsfEEE Trans. Fuzzy Syst., vol. 9, no. 2, pp. 349-354,
Apr. 2001.

[23] A. H. Etemadi, E. J. Davison, and R. Iravani, “A deceliwed robust
control strategy for multi-DER microgrids-part |: fundantal concepts,”
IEEE Trans. Power Del., vol. 27, no. 4, pp. 1843-1853, Oct. 2012.

[24] T. Geyer, and D. E. Quevedo, “Multistep finite controlt seodel
predictive control for power electronicslEEE Trans. Power Electron.,
vol. 29, no. 12, pp. 6836-6846, Dec. 2014.

[25] M. Davari, and Y. A.-R. I. Mohamed, “Variable-strucaibased nonlin-
ear control for the master VSC in dc-energy-pool multiterahigrids,”
|EEE Trans. Power Electron., vol. 29, no. 11, pp. 6196-6213, Nov. 2014.

[26] H. Zhang, C. Qin, and Y. Luo, “Neural-network-based stained
optimal control scheme for discrete-time switched nomimgystem using
dual heuristic programmingfEEE Trans. Autom. ci. Eng., vol. 11, no.
3, pp. 839-849, Jul. 2014.

[27] Z. Hou and S. Jin, “Data driven model-free adaptive oalnfor a class
of MIMO nonlinear discrete-time systemdEEE Trans. Neural Netw.,
vol. 22, no. 12, pp. 2173-2188, Dec. 2011.

[28] G. Rigatos, P. Siano, and N. Zervos, “Sensorless cbofrdistributed
power generators with the derivative-free nonlinear kalrfiler,” |[EEE
Trans. Ind. Electron., vol. 61, no. 11, pp. 6369-6382, Nov. 2014.

[29] Q. Wei and D. Liu, “Data-driven neuro-optimal tempenat control of
water-gas shift reaction using stable iterative adaptiyeachic program-
ming,” IEEE Trans. Ind. Electron., vol. 61, no. 11, pp. 6399-6408, Nov.
2014.

[30] H. Zhang, Y. Cui, X. Zhang, and Y. Luo, “Data-driven raapprox-
imate optimal tracking control for unknown general nordinesystems
using adaptive dynamic programming methodZEE Trans. Neural
Netw., vol. 22, no. 12, pp. 2226-2236, Dec. 2011.

[31] D. Xu, B. Jiang, and P. Shi, “A novel model-free adaptiantrol design
for multivariable industrial processedEEE Trans. Ind. Electron., vol.
61, no. 11, pp. 6391-6398, Nov. 2014.

[32] A. Q. Huang, M. L. Crow, G. T. Heydt, J. P. Zheng, and S. aleD
“The future renewable electric energy delivery and managensystem
the Energy Internet,1EEE Proceedings of the |EEE, vol. 99, no. 1, pp.
133-148, Jan. 2011.

[33] Q. Shafiee, C. Stefanovic, T. Dragicevic, P. Popovski.Masquez, and
J. M. Guerrero, “Robust network control scheme for distebdusecondary
control of islanded microgrids fEEE Trans. Ind. Electron., vol. 61, no.
10, pp. 5363-5374, Oct. 2014.

[34] M. Ashabani, and Y. A.-R. |. Mohamed, “Novel comprehgascontrol
framework for incorporating VSCs to smart power grids ushigjirec-
tional synchronous-VSCJEEE Trans. Power Syst., vol. 29, no. 2, pp.
943-957, Mar. 2014.

[35] A.A.A.Radwan, and Y. A.-R. |. Mohamed, “Assessment amtigation
of interaction dynamics in hybrid ac/dc distribution geatem systems,”
IEEE Trans. Smart Grid, vol. 3, no. 3, pp. 1382-1393, Sep. 2012.

[36] F. Guo, C. Wen, J. Mao, and Y.-D. Song, “Distributed swtary
voltage and frequency restoration control of droop-cdledo inverter-
based microgrids,/EEE Trans. Ind. Electron., vol. 62, no. 7, pp. 4356-
4364, Jul. 2015.



IEEE TRANSACTIONS ON SMART GRID, VOL. XX, NO. XX, XXX 20XX

Huaguang Zhang(M'03-SM’04-F’14) received the
B.S. degree and the M.S. degree in control engi-
neering from Northeast Dianli University of China,
Jilin City, China, in 1982 and 1985, respectively.
He received the Ph.D. degree in thermal power en:
gineering and automation from Southeast University,
Nanjing, China, in 1991.
He joined the Department of Automatic Control,
Northeastern University, Shenyang, China, in 1992
as a Postdoctoral Fellow for two years. Since 1994
he has been a Professor and Head of the Institute

14

Josep M. Guerrero (S’01-M'04-SM’'08-FM’'15) re-
ceived the B.S. degree in telecommunications engi-
neering, the M.S. degree in electronics engineering,
and the Ph.D. degree in power electronics from
the Technical University of Catalonia, Barcelona, in
1997, 2000 and 2003, respectively. Since 2011, he
has been a Full Professor with the Department of
Energy Technology, Aalborg University, Denmark,
where he is responsible for the Microgrid Research
Program. From 2012 he is a guest Professor at
the Chinese Academy of Science and the Nanjing

of Electric Automation, School of Information Science andgieering,
Northeastern University, Shenyang, China. His main rebeanterests are
fuzzy control, stochastic system control, neural netwobesed control,
nonlinear control, and their applications. He has authaad coauthored
over 280 journal and conference papers, six monographs @im/ented 90
patents.

Dr. Zhang is the fellow of IEEE, the E-letter Chair of IEEE C&ciety,
the former Chair of the Adaptive Dynamic Programming & Remcément
Learning Technical Committee on IEEE Computational Iigelice Society.
He is an Associate Editor of AUTOMATICA , IEEE TRANSACTIONSND
NEURAL NETWORKS, IEEE TRANSACTIONS ON CYBERNETICS, and
NEUROCOMPUTING, respectively. He was an Associate EditbiEEE

University of Aeronautics and Astronautics; from 2014 hehgir Professor
in Shandong University; and from 2015 he is a distinguisheésg Professor
in Hunan University.

His research interests is oriented to different microgrpegts, includ-
ing power electronics, distributed energy-storage systemerarchical and
cooperative control, energy management systems, and iggtion of micro-
grids and islanded minigrids. Prof. Guerrero is an Asseckadlitor for the
IEEE TRANSACTIONS ON POWER ELECTRONICS, the IEEE TRANS-
ACTIONS ON INDUSTRIAL ELECTRONICS, and the IEEE Industrial
Electronics Magazine, and an Editor for the IEEE TRANSACN® on
SMART GRID and IEEE TRANSACTIONS on ENERGY CONVERSION.
He has been Guest Editor of the IEEE TRANSACTIONS ON POWER

TRANSACTIONS ON FUZZY SYSTEMS (2008-2013). He was awardedELECTRONICS Special Issues: Power Electronics for Wind rgypeCon-

the Outstanding Youth Science Foundation Award from theéddat Natural
Science Foundation Committee of China in 2003. He was name€heung
Kong Scholar by the Education Ministry of China in 2005. Ha iecipient of
the IEEE Transactions on Neural Networks 2012 OutstandaqgePAward.

Jianguo Zhou was born in Yunnan, China, in

version and Power Electronics for Microgrids; the IEEE TRBMCTIONS

ON INDUSTRIAL ELECTRONICS Special Sections: Uninterrupé Power
Supplies systems, Renewable Energy Systems, Distribuster@tion and
Microgrids, and Industrial Applications and Implementatilssues of the
Kalman Filter; and the IEEE TRANSACTIONS on SMART GRID Spaci
Issue on Smart DC Distribution Systems. He was the chair@Rénewable
Energy Systems Technical Committee of the IEEE IndustrictEonics

Society. He received the 2014 best paper award of the IEEBS&céions on
Energy Conversion. In 2014 and 2015 he was awarded by ThofReaters
as Highly Cited Researcher, and in 2015 he was elevated &s Felow for

his contributions on “distributed power systems and micosg’

1987. He received the B.S. degree in automation,
and the M.S. degree in control theory and con-
trol engineering from the Northeastern University,
Shenyang, China, in 2011 and 2013, respectively.
He is currently working toward the Ph.D. degree
in control theory and control engineering from the
Northeastern University, Shenyang, China.

His current research interests includes power elec-
tronics, hierarchical and distributed cooperative con-
trol, and power quality improvement of microgrids,
and synchronization of complex/multi-agent networks ameirtapplications
in microgrids and Energy Internet.

Qiuye Sun (M’-) received the B.S. degree in power
system and its automaton from the Northeast Dianli
University of China, Jilin City, China, in 2000, the
M.S. degree in power electronics and drives, and
the Ph.D. degree in control theory and control engi-
neering from the Northeastern University, Shenyang,
China, in 2004 and 2007, respectively. Since 2014,
he has been a Full Professor with the School of
Information Science and Engineering, Northeastern
University, China.

His main research interests are Optimization
Analysis Technology of Power Distribution Network, NetkdZontrol of Dis-
tributed Generation System, microgrids, and Energy leteride has authored
and coauthored over 280 journal and conference papers,@ognaphs and
co-invented 90 patents.

Dazhong Ma received the B.S. degree in automa-
tion, and the Ph.D. degree in control theory and
control engineering from Northeastern University,
Shenyang, China, in 2004 and 2011, respectively.

He is currently a Lecturer with Northeastern Uni-
versity. His current research interests include fault
diagnosis, fault-tolerant controls, energy manage-
ment systems, and control and optimization of dis-
tributed generation systems, microgrids and Energy
Internet.



