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Abstract - Smart hybrid microgrid power architectures encounter a critical challenge in achieving rapid power sharing while
maintaining stable operation. This study introduces a novel adaptive droop-based control strategy designed to address this issue
in smart hybrid microgrids under various operating conditions, including steady-state operation and load variations resulting
from both load increases and decreases. Conventional droop control techniques employed in inverter-based smart hybrid
microgrids are generally insufficient to ensure satisfactory performance, as increasing the droop gain to accelerate power
sharing can adversely affect system stability. The proposed approach enhances primary control performance by optimally
adjusting droop coefficients alongside voltage and/or current control loops. Consequently, it improves power quality
indicators—such as frequency and voltage regulation—while preserving accurate active and reactive power sharing among
interconnected smart hybrid microgrids. The developed control strategy effectively mitigates voltage and frequency deviations
due to load sharing between inverters and then enhances overall power distribution performance. Simulation analyses conducted
under diverse operating scenarios, including steady-state conditions and dynamic load changes, validate the proposed method.
This demonstrates that the proposed controller significantly improves the overall stability of smart hybrid microgrids by
increasing faster power sharing and reducing voltage and frequency fluctuations.

Keywords - Hybrid AC/DC Smart Microgrid, Droop controller, State-space, Voltage & Current controllers, Adaptive controller.

1. Introduction regulating voltage and/or frequency in real time to ensure local
Smart Hybrid Microgrid (H-SMG) operation is  Systemstability and effective load distribution. The secondary

characteristically classified into two distinct modes: Islanded ~ control layer is responsible for compensating steady-state
Operating Mode (IOM) or Grid-Connected Mode (GCM). [1] ~ deviations, such as voltage or frequency offsets introduced by
A major task in the IOM procedure is confirming voltage/  the droop mechanism, by adjusting the reference values of the
frequency regulation and system stability. Attaining optimum  Primary controller via a communication infrastructure [7]. In
power sharing among efficient load management, Distributed ~ AC smart microgrids, real and reactive power sharing is
Generators (DGs), and seamless transitions amongst operative  typically achieved using droop control strategies based on the
modes are critical for preserving the whole stability and ~ Power—Frequency and Reactive Power—Voltage magnitude
performance of the SMG organism. [2] H-SMG operation  relationships (P-F/Q-V). In contrast, DC smart microgrids
demands power sharing amongst DGs in SMGs, and besides ~ commonly employ Voltage—Current (V-I) droop control to
Changing power amongst A|ternating Current Smart regulate power distribution. For hybrld smart minOgrid
Microgrid (AC-SMG) / Direct Current Smart Microgrid (DC-  configurations, several droop-based control schemes have
SMG). [3, 4] This paper introduces a novel adaptive droop ~ Dbeen developed to ensure coordinated power exchange
control strategy designed to address the challenges ~ between AC and/or DC subsystems [8, 9]. Additionally,
encountered in H-SMGs in different cases: steady state centralized control architectures have been adopted in hybrid
conditions and changing the load value (reducing and AC/DC smart microgrids to manage overall power flow and
increasing loads) to advance faster power sharing, and  System coordination [10]. However, this approach requires a
diminish fluctuations and variations in the voltage/frequency. ~ rapid communication link to preserve the system stability and
Primary droop control is Commomy emp|0yed to enable rellablllty So as to dEVEIOp this SUbjeCt, a decentralized
power sharing among distributed generators in both AC and/or ~ control scheme based on the droop scheme is suggested to
DC smart microgrids [5, 6]. It operates through the innermost ~ share power among AC/ DC-SMG. A bidirectional droop is
feedback and feedforward control loops at the converter level, ~ implemented for ILC by utilizing communal per unit (p.u.)
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ranges of DC voltage or AC frequency. [11-13] Most existing
studies on hybrid smart microgrids primarily focus on
controlling the interlinking converter to enable power
exchange between AC/DC smart grids, while largely sharing
reactive power in AC grids and current sharing challenges in
DC grids. Also, many reported interlinking converter control
strategies rely on normalized Frequency/Voltage (F/V) droop
control. In these approaches, p.u. of DC voltage and AC
frequency are monitored. However, such control schemes
introduce steady-state deviations in voltage and frequency
[14, 15]. Then, supplementary control layers are commonly
incorporated in AC and/or DC smart microgrid architectures.
Once these variables are fully restored, power exchange
between AC and DC smart microgrids diminishes to zero due
to the absence of voltage or frequency deviations. These
supplementary controllers are mainly intended to enhance the
performance of the primary control layer, including voltage,
current, and droop control loops. It is able to progress power
qualities of the H-SMGs, for example, frequency or DC
voltage, even while retaining appropriate power sharing
between two SMGs. [16-18] NOVELTY, to solve the above
problems, in this paper, a proposed adaptive droop control is
recommended for active/ reactive power sharing, and voltage/
frequency restoration for H-SMG. A comparison between the
primary and proposed controllers is discussed in different
cases. The voltage/ frequency, current, and active/reactive
powers are discussed.

It can be seen that the proposed control advances the
system’s stability margins, certifies faster power sharing, and
diminishes fluctuations and variations in voltage/ frequency.

2. Literature Review

Several studies have addressed control strategies for
hybrid microgrid systems. In [19], a hybrid control scheme
was developed to enhance power quality in microgrids,
particularly improving voltage performance under unbalanced
and nonlinear load conditions. An adaptive droop control for
the low-voltage AC/DC microgrids was presented in [20] to
ensure accurate power transfer between sub-grids. In [21], a
decentralized control approach based on V-l droop was
proposed to improve the response of hybrid AC/DC
microgrids and to achieve power sharing among AC and DC
distributed energy resources. A centralized control framework
for an autonomous hybrid microgrid comprising photovoltaic
systems, wind turbines, battery storage, and a diesel generator
was introduced in [22]. Furthermore, [23] investigated voltage
stability in islanded microgrids using droop control
techniques. Table 1 provides a comparative assessment
between the proposed work and existing studies across several
key performance criteria, including voltage and frequency
restoration as well as active and reactive power sharing. The
comparison indicates that the proposed approach successfully
satisfies all evaluation criteria, whereas previous studies
address only a subset of these objectives.

Table 1. A comparison between the literature review and the presented work

Voltage Frequency | Active Power | Reactive Power
Ref MG Type Method Restoration | Restoration Sharing Sharing
[1] AC/DC- MG adaptive droop control N N x x
[2] DC -MG Modified droop control \ x x x
[24] DC- MG Improved droop control v X X X
[25] DC-MG Modified droop N « 9 »
control
Hybrid AC/DC- Modified adaptive
[26] MG droop control X ) v v
[27] | H/ AC/DC- MG Modified droop control x x \ \
[28] AC-MG Modified droop control \ x x x
[29] H/ AC/DC- MG Modified droop control \ X X X
[30] | H/ AC/DC- MG Modified droop control x \ \ \
-AC- MG -
311 | 1y AciDC- MG Modified droop control \ \ x x
[32] AC - MG Modified droop control \ x \ \
his 1/ Ac/iDec- MG Proposed droop control V \ \ \
research
The essential contributions of this paper can be 2. Offering a proportional analysis between the

summarized as surveys.

1. Offering a suggested adaptive droop controller for the

SMG to develop the primary controller’s performance for
H-SMG.

recommended controller and the conventional droop
control at steady state.

3. Offering a proportional analysis among the proposed
control and the conventional droop control in exchanging
the loads of SMG.
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This work is organized as follows. Section 2 appraises the
architecture of SMG’s system. Sections 3, 4, 5, and 6 represent
the AC-SMG, DC-SMG, ILC, and SMG complete state space
modeling, respectively. Section 7 displays the primary droop
control, and Section 8 presents the simulation results. Finally,
Section 9 concludes the paper.

3. The Proposed System Architecture

A Hybrid Smart Microgrid (H-SMG) is formed through
the integrated operation of AC and DC generation units and
loads. The DC smart microgrid consists of DC energy sources-
such as photovoltaic systems and permanent magnet
synchronous generator-based wind turbines—along with
battery energy storage systems, DC loads, and associated
power electronic interfaces, including DC-DC boost
converters, thereby constituting the DC sub-grid. Conversely,
the AC smart microgrid comprises AC loads that are
interconnected with the DC side via a voltage source
converter. The AC and/or DC sub-grids are coupled through
an H-SMG architecture. These interlinking converters play a
vital role in enhancing system reliability and facilitating power
exchange between the sub-grids, as illustrated in Figure 1.

4. State Space Modeling of AC - SMG

The distributed energy resources are assumed to be ideal
voltage source converters, and a droop-based primary control
strategy is adopted to enable power sharing among them [33].
The dynamic behavior of the power output of the nth DER is
derived using Park transformation, Taylor series—based
linearization, and fundamental circuit laws, while accounting
for the associated RLC filter components [34].

4.1. DER Power '
piy == (R, L) A3+ oA — (1/Lg AV + ,

(1/Lgp)AEY — i Aw, @)

MG = —wnif — (R, /L) b — (1/Lg)AVE +
(1/Lg)AE] =i, Ao, )

AV 7 = —(1/C,)i% + 0AVE — (1/Cp,)A 40 +

Vygohwy, (3)
AV 2 = (1/Cpp )il — AV — (1/Cyp)A 42 —
oo A0y 4)

Where £7 and€j are the dg — components of €7, 0.
A DER state space demonstration can be identified

As:

Xy = A0 Xy + B U + By Upy ®)
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Yy = Xy + D7 Uy +Day Upy (6)
Where
Xp = lidy AVG,[" up =
|AEZ, Awn|Tis th control input, and the
disturbance inputs are Uz, = Aig, , By =
o, —(1/C)1, | ¢ =1,,D% =0,D8 =0
_“R;/ 1
w - 0
Ly /iy
—‘Blf/ 1
_ —w 0 -
Ar = L /iy
1 0 0 w
lcp
1 _
0 /C;* w 0
1/L} 0 —din|
Br=10 1/L} A
0 0 — :(;
DC- SMG IC Section AC- SMG

Section Section

5 I 0N

IC1

DC '
Load [

IC2

T

AC
Load

1Ck

Common DC Bus AC Bus

Fig. 1 Islanded H-SMG architecture
4.2. Power Network

The comprising DERs linking lines are supposed to be
presented [35]. The power network dynamic model (n) line is:

nig, = (R /L) A4l + oA dd — (1/LMAVE, -

(1/LMAVE.4 + il Aol )
My = —wnil, — (R /L) A4z, +
(1/L')AVgy — (1/L)AVy — ig40 Aod] ®)
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WhereAw! is the perturbed frequency.
A power network state space procedure is: -

X'ps = Aps Xps + B, U, + B, U, + B U, (9)

Y'f}s = Cg“‘s Xf}s (10)
Where
Xps = Yps = foug » Usp = AVpecag - Udie = Vi, (11)

Ug, = Aw?

4.3. Load of AC-SMG
The series RL is supposed to be for every SMG,
respectively, and the no. of AC-MG loads is (m).

The RL load state space model may be characterized as
presented:

./7'?7 = ;VCLJ X;?ﬂ + Bﬂ%c Uﬂ%c + Bfl/yglp U?%p (12)
Y = Cicy Xiy (13)

Where
Y75 = AiZ’;% =X

m
peerdg

and Y5, = Aol ,U;}@p =A
4.4. Power Controller

The power control of every DER comprises a power
calculator, two LPFs, w-P, V, — Qdroop characteristics, and
voltage phase is g,, .

Tpn = O0p - 0.(4:71, = f(wn - (*)Zn )dt (14)
T = @ — W, (15)

Wherever the frequency of DERn is w,, , and w/™* is the
DER1voltage phase.

X'peo = APeo Xpeo + Bpeo Upeo + BE Aw{™ (16)
Y'peo = Cpeo Xpeo (17)
Where:-
X;?D = |A%, AP, Ainf; ;ED =

|Y6Lpo Y;;I | T

|B;3Dv

T
m o _— n n
Yo = |Aw,  AVE. Aw,|, B,

ngl |T

0 —w 0

n —
Ao=lo 0 -
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0 0
Bp;@ = (*)CVDZO (‘OCVDZO
_(*)cvoz,o W, o?io
0 0 0 0
Bp;L =(0 0 (*)CVDZO (*)cvogo
0 0 (DCVDZO — W, o?io
0 —my 0
Coo =10 0 —ny
1 0 0
0
B =]

4.5. Voltage Controller

Each distributed energy resource operating in islanded
mode is equipped with a voltage control loop to regulate its
terminal voltage. The reference value of the direct-axis
component is derived from the droop control characteristic,
while the quadrature-axis reference is maintained at zero.

A voltage controller state space representation may be
known as:

X% = A} XS + By U + BLUS (18)
Yy = Gy Xy +Dy Uy (19)

Where,
Dy = [DYp, DT Yy = AtY,,, Up =

|Y6Lpa Y;;IF»A? =0,¢" =1, '73147@ = |B147¢Dp Bg}p|
eV Ky 0
ve C"™Vi, 0 Ky

4.6. Current Controller

The voltage across the filter inductor must be designed by
the current controller to lessen the current error, certifying a
quick dynamic response while preserving system stability.
The PI controller is commonly implemented because of its
capability to alter both proportional and integral gains, which
helps to accomplish a stable compromise between changing
load and steady-state performance. Proper tuning of the PI
control is important to realize an ideal balance between fast
response and robustness against disturbances [36].

The current controller state space model is:
X% = A7 X’ +BlUZ? +BlUZ (20)
Y= CrXr + DI UN (21)

Where,
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U = Yo, Y Aow,|”,Y) = m},, Dy =
Doy Dy D&l ,A? =0,C" =1, By =
|Bch Z‘b BZLL)
n
DZ; _ —Kpin —Ww,,,L 1 0
W, L —Kpi 0 1

4.7. Common Reference Frame
The variables in the CRF and individual frames are
Vpo and V, correspondingly,

AVpg = T, AV, + T A¥ (22)
AV, = 7;‘1AVBQ + T,A¥ (23)
- cgs ¥y —Sin¥ (24)
sin¥, cosv¥,
—VousSinyy, —7Vy,c08%
=]y Oiosw ’ —Voq sin wo (25)
0d 0 0g 0
—VpuaSinyy, +Vy,cos¥
Tz = |—V 0dcos wo —VO‘Z sin wo (26)
0d 0 0g 0
4.8. Complete AC-SMG State Space Modeling
The DQ frame rotating frequency is = w,,
Aw. =D, w (27)

Wherever D, is the dimension M reference incidence

vector.
= [(0, — 0 )dt (28)
Ay = (Ay,, — Ay, Do) Aw (29)
Ay = |A¥; Ax, - Awyl” (30)
A’Vbug,DQ = CtacAvinv,dq + Cvgjgr Ay (31)
Where,
ac _ |COS X0|
sin ¥
c | =Voasinwg
Vus™ Vou COS ¥
AVpy = C{"AVinV,M + CV&SW Ay (32)
AIDQ = c;"cAlin,dq + cIin,DDTAX (33)

Where,
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cos ¥
sin ¥,

—sin¥,

C4 =
cos ¥,

—lp4 Sin¥,
—Ipq COS T
—_ ac

- DI,bus Avlrus

+ o, cos ¥,

Cs. = Lo si
- 0‘% sin TO

Sin,DQY

A’VIaC

(34)

Where,,

(DI bus) AIIM

AIout

ac,D ac,Q ac,D
|AIout 1 AIout 1 AIout 2

+ AII - AIDut —_ AIM, DQ

NG

T
ac,D ac,Q
out,2 AIDut,M AInut,M

AC section state space modeling is:

= Apc Xae + Bac Al (35)

X'ac

Aw
AVW
AL
[ A |

»Ay]

va mdq,( C )
0
0

Bmm< e }
1
|
|

Apc =

0 Ay ™
mlnm( C7) (el'r.»,ng«;)
~Brytng j( Cﬁ‘)'l(c]mgr) 0

By 1|=1=|°=Df§u_= Cv;;;; B]f=m D,

B v ev;jg Blﬂ;m D,

Amﬂr’im'
Al’inv
mad ot
B ]l:'- 1’|j'I]LTJLE Ct
[il4
B ]I.:lll:‘l',l?): f'.'t

0 0
mey —1 as 7
B"--'l]'nu:q( ct } (ELHE} m]“-L dq
ae T
B'L"m]m,_-:q( ctn:}_l(ﬂ[ﬁn&} B‘L’
A ]|3= 0
0 A ]I:|=

(e
(e

inlindg

5. DC-SMG State Space Modeling
5.1. DC- DER Power
DC- sector is demonstrated as:

— Hppe (P — Phonnc) (36)

—_— *
vcon,DC - vcon,DC
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W dc dc dc
cTﬁ?]E)?C = ot Peon,nc A = dia Wy Wy S
. R TN T Y
Wherever interlinking converter = f,
low pass filter cut — off frequency w.,. ) 1 ) 1
DC/DC converter power output. Blldcv{zc = diag {[_E T %]}
Pcon,DC = chn,DC Icm1,DC (37) ' l ‘
5.6. DC-SMG Load
5.2. DC-DC Converter State Space Model DC load is displayed as a fixed resistance.
AVion = AVCOWA‘chn + BVCM IconAlcon (38)
. dc de . de
Where Riym Ly RI (45)
AVCW = |Avcm1,1 Avcon,z Ach,MlT ,
Ajc.m = |Ajcon,1 Ajcon,z Agcon,]\/[lf ; de (Vl?:s(:\))
‘Rlo,m = 3)[40'(0)
AVCun = ’
diag {[(— w. —Hpy w If? ) (o —Hpz o 1§ ) - The DC bus load is:
(0)
“\—we —Hpp o I de
( W) Vion = Ry o (46)
. (0 .
By, = diag {[ ( —Hp, @ Vchn,Z) ( —Hez o Vcon.z) DC load state space model:
(0)
= —Hpar c Vy,
( Dn.M)]} AIﬁi)c — Bﬁi)cAVbcics (47)
Wherever the number of DC section power lines = H
Where,
T
5.3. DC Current Control AV = AV, AV, AN
X.z,dc = Az,d,cX:;,dc + Bg,dc E,dc (39) T
n n n n n AII%C = |AI$C1 AII%.CZ AII%,C]V‘
yc,dc = c,dc “c,dc +Dc,dc c,dc (40)
. 1 1 1
Where, B = diag {[—7 s _Tc]}
Rp1 Bz Rpn
T
Ulse = |Yopae Yoae Bonac|, Yy = Where, N is the number of DC buses

m?iq,dc ) Dg,dc = |D2Dp,dc ng,dc ‘Dsp,dc| JAEdC = .
0, Cl =1L ,BYy = |Biopac Bvac Boal 5.7. DC-SMG Complete State Space Modeling
’ ’ ' ' ' The DC bus is neglected
—H,; - L? 1 0
n — pi,dc mo,dc Hdc de _
cp,dc Orode 1[11 . _Hpi,dc 0 1 Av{}us - AVcon (48)

5.4 DC Power Line Voltage and/ or current laws are:

The DC sector is sculpted as a series resistor and

indicator: AV = D, AV, (49)
d de \T avde de _ Arde —
Vﬁ}g = Lf;i at 1&; + L‘Ii\; Iff; (41) (Dl,bus) AII + AIIo AIm AIcon
T

5.5. DC lines State Space Model ALY = |AIE, ALS, - AIEN]

Al = AeAlf + Blacpac AV (42)

o [ " dc s . . .
Wherever  Dfy, is the DC section line-bus incidence
matrix.
Alfe = |arde - arge|” 43)
; DC section state space model is: -
AV# = |AVE AVE - AVE (44)

X'pe = Ape Xpe + Bpe AL (50)
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dc
Ach + BVcnnIcnnBID BVcnnIcn D

Aldc
1

dc
Lbus

6. ILC Section State Space Modeling
Swapping real Power between AC and DC:

P — __pac
exc,f — ic,f

dc
Pic,f

Real power transferred by every IC:

— dc
A Pexc,f = —NDu¢ Avic,f + N, Amic,f

Real power flows from the AC sector to ILC:

ac _  __qjac
icf — V/ic,fl

icd
an,f

The inflow ILC current D—axis component:

1
4n,f

icd __
AL =~ A

icf

AC section reactive power using Q-V droop: -

Pexc,f -

A Qi s = ngsAVLS

Reactive power from IC to AC section:

Qs = Vit

(0)
Pexc.f ac
ac(0) ) 2 ic,f
icf

The inflow ILC current g-axis component:

g _ 1
AL = ~ A Qi +

icf

(0)
Qic f
: AV,
) 2 icf
(vier”)

Controlled IC current state space modeling:

icdg _ . ) ac .
ATHE = Cpe Aoy + Cpe yoe AV + Cpe
icdq __
A I/in,f -
: ; ; ; ; ; T
ic,d ic,g ic,d icqg ., ic,d ic,q
|A Iin,l A Iin,l A Iin,z A Iin,z A Iin,XA I
Where
ac _ ac ac ac |T
Avicc - |Avic.1 AViC,Z AVic,Xl )
de __ dc dc ... de |7
AVic - |Avic,1 Avic,z A’Vic,X|

in, X

)T

dc
Vic

(51)

(52)

(53)

(54)

(55)

(56)

(67)

AV (58)

(59)

Ne,1 N2 N, x T
cg, =l O o |
Where,
X= number of ICs
T
c SR CIYY (50
i =7 2 - 3z
R (O N O )
Ny f 0 T
S 61)
Real power flows from the IC to the DC section:
de _ de yic
P/Lc,f - V/Lc,f out,f (62)
Out flow IC current: -
ic 1 de ch)c)f de
Alir =~z A Pice — = AV ¢ (63)
g V! , VdC(O)) g
ic,f ( icf

The controlled outflow IC current state space model

AL, = Cpic Awp + Ciic yac AV (64)
: : : : T
AInl)cut,f = |A o1 Algwz AI:)cut,Xl (65)
Where,
dc(0 0
Clifut Vi = diag ”_ L AViti((O)) +2_ng2_1 -
(vied”)
v,z AVi‘ct.cz(()) +PO  mwx Aviﬁggo) +P igc)xl}
() ey )
Ny,1 Ny,2 N, X T
Gy, =i v o |

7. Complete State Space Modeling
The network operating frequency:

Wif =0, =Dy, w (66)

The AC terminal voltage value of every ILC in the DQ
frame:

D D
8¢ =Vt cosop +Vgj cosog (67)

icf ic,f

An angle amongst the local D-frame of the ILC and the
common DQ frame reference is (oy).

State space modeling is:

AV = cif A (68)
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Where,
Avac,DQ —

ac,D ac,Q ac,D ac,Q ., ac,D ac,Q T
| Avm 1 Avtc 1 Avm 2 A‘Vtc 2 AV’IC,X Avic,x ’
C't = |cos¥, sin¥|

The inflow ILC current in the DQ frame:

0 =19% coswy — Iﬂmf sin ¥, (69)
122 =15% siny, + [5%cos, (70)
ac,DQ __ i ac,dq
Alic - Ctlc Alic (71)
Where,
ac,DQ _
AL =
ac,D ac,Q ac,D ac,Q ., ac,D acQ
| AIICl AIICl Altcz AI1c2 Altcx Altcx ’
ic cos¥, —sinw¥
Crs= sin¥y COS ¥,
0 0

A state space of the AC sector with AC terminals of ILCs:

APSPe = AV

bus

Dbus ic (72)

ic,D
Dut = (Dhus tc) Alilwi 2 (73)
Wherever Dy .. is the incidence matrix links ILCs with
AC buses:

The state space model after combining:

A’l]lilc = DC(C

bus,ic

CX AV, + Ci D&

bus,ic

A¥

(74)
A state space links
the DC sector with the DC terminals of ILCs:

C
Vousy

Avt‘ctc = bus ic A’Vbus (75)

Idc = (Dbuﬁlc) Alout

Where DE, ;.
DC buses:

(76)

is the incidence matrix relates ILCs with

A state space model after merging:
A Is;t = CAC—AC AXAC + CAC—DC AXDC (77)

Where,
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Cac—ac = | Cac—ac1 Cac-—acz  Cac-acs 0 O]
Cac-pc = | (Dbus IC) Ctic C]%; vidc Dgucs i O

CA(_’ AC1 — ( Dbus 1c) C:c CI::‘ vi‘(tc Ci bus ic CV

Cac- AC2 — (Dbus tc) Cic Cﬂ;m D,

Cac-ac3 = (Dbus 1c) qc (;’I%; vgc C Dgfw ic Cr

AIE = Cpe_pe AXae + Cpe-pe AXpe

Cpe-ac = |0 (Dbustc) c[%;me 0 00 |
Cpe—pe = | (Dbus IC) lefut pie DIflucs,ic 0 |

I0OM- SMG state space model:

X =A-X (78)

Wherever the state vector of dimension X, the state matrix
of size A:

X=1(Xa)"  (Xae)")”

Be Cac-pe
Ape + Bpe Cpe—ne

Age + Bae Cac-auc
Boe Cpe—ac

8. Control of DGs in the H-SMG

There are two controllers of the DG unit, like primary and
proposed controls. A primary control is based on the voltage,
current, and droop control for power sharing. However, the
proposed controller is used to develop the system frequency
and perfect reactive power sharing. [37-40]

A=

8.1. A Primary Control of AC-SMG

The primary droop controller constitutes the first stage of
the inverter control architecture [8]. It regulates the output
voltage and/or frequency in accordance with prevailing load
conditions [41]. This controller operates by estimating the
active and/or reactive power and applying appropriate droop
coefficients to generate the corresponding voltage and/or
frequency references [42]. Since droop control relies
exclusively on locally measured variables for power sharing,
it does not require a communication link among distributed
units [37]. Figure 2 illustrates the overall control structure of
the smart microgrid, which is implemented in the
MATLAB/Simulink environment, as depicted in Figure 3.
The power delivered at the inverter output terminals can be
expressed by the following equations.

P = Voatod + voq’i'oq (79)
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4 = —Vodtod + Voq’ioq (80)
Wherever 4,4, V., are d-axis for current and voltage,
and 4,4, Vo, are q — axis for
current and voltage, w, is a pass filter cut-off frequency
utilized in surveys:
W, =
T st P (81)
We ~
Q=1 (82)

The droop coefficients m,,, n, indicate the f-P drooping
behavior, the V-Q droop behavior. A droop control for the
VCM or CCM is displayed as: [7, 42]

Wy, = Wy — M, Py (83)
ngd:vgd - ’nq, Qn (84)
Va, =0 (85)

The droop coefficient 7, and m ,are computing as:

Wmax~®min
m = ———

, (86)

Pmax

_ Vmax_vmin

Ny

87
Qmax ( )

Wherever Ky, , Ky, @y, , Vy, and wy, P, Q,are droop
coefficients, frequency, voltage, and new frequency,
active and reactive power,and V,;, V,, are the d-axis, g-
axis voltage reference, respectively.

VCM differential-algebraic equations are: [43]

Dun = ctdfn - cﬁin (88)
Q)qn = ‘ng,n - v:f;;»n (89)
’i':;/n = Fodoqn — Ws Canoqn + van (v;d - Vo@) +
Klwn (Z)dn (90)
/LZM’L = Fn/i'oqn — W5 CupVoun + van (v;c; - vo%) +
KMML (Z)q,n (91)

WhereVoun Vogns toan aNd 4,4, are the dg-component
ofV,,, and 1,,, ws the nominal frequency, and the variables
of the P1 controller are @4y, @gn.

CCM differential-algebraic equations are: [43]

23

Yan = tin — Lin (92)
Yan = ton — ign (93)
Vin — 0s LugVas + Koo (G — 4an) + Kic Yau (94)
Vin = Ws Lupign + Kpen (45 — 42%) + Kign Ygn (95)

Where y,, , and y,,, are the new PI controller auxiliary
states. LCL filter displayed as: [40]

% == (R, /Lga) 1 + i = (1/Lgn )V +

(1/Lgn)EY — il 0y (96)
i3 = —oif = (R, /Le) G — (1/Lg)Vey +
(1/L40)E5 — 4o @n (97)
Vo =—(1/C4) i + 0V — (1/C4,)ily +
VogoWn (98)
Visy = (1/Cpn)ig — Ve = (1/C4a)isy = Voro®n
(99)
.. n . .
in, == (W /L) i, + o — (1/L)V -
(/L") Vieed + iog00™ (100)
.. . n .
e, =—wig, — (ERi /Li”) 5, + (1/L")Vy —
(/L") Vieeq — Toaow™: (101)
8.2. Voltage / Current Control
Proportional-Integral (PI) controllers are widely

employed in voltage regulation loops to minimize steady-state
errors while maintaining system stability and robustness. In
decentralized control architectures, PI regulators are used to
generate the reference current or voltage signals.

The PI control structure is well established and typically
incorporates decoupling and feedforward control loops to
enhance dynamic performance.

The dynamic behavior of the voltage control loop can be
described by the following relations:
y _vozi)+K;Mrf( ;d

13 = K;Mr( od - VOd) at —

(L)*C# VOtL + T/i’od (102)
) = Ko (Vog = Vog) + Kiw [(Vog — Vg ) dt —
W Cs Voq + Fiyg (103)

Where proportional gain is K,,, K, is integral gain,

Cy is filter capacitance, feed forward gain is F.
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The voltage across the filter inductor dynamics is
specified as:

Ved (104)

Vy =K,(i; —4,) + Ki [ (i —4,) dt — o "Ly iy +

Vo (105)
Inner loop ;\ p
| |
| | P "
Mo Ot e b
! Vo'ttagf ! Droop 0 TDEC?UP“HQ (a) Droop controller
|| contorl | f control e [Transformation Q* = o ==
} ‘u—; ;)4_@ e— E}. J E]' J
| | % e
! ! " = _imited P! £ ™y ."v
i Yo i " Q D ‘\;‘) U L repa bl ’v;) - "\‘) - h}ldSI
—X - Vods1
| | 0
} Current | Voltage/ dg — ..> | @ :3
! H—»  PWM —»  current .
1| control |1 Transformations |—- >
! ! measurment e P bl | 1
| | | —_—
— D »—K- loql}—:ﬁ
Fig. 2 Control cascade of SMG Vogsl ‘
kA x i /
. . . i s—w{ o T palimited PILLCTY - » " pe—wligs
In hybrid smart microgrids, the dynamic response to load J i O ]
variations is often delayed due to the low-frequency regulation )
mechanisms that govern inverter voltage through the Q-V e — @_ =)
droop characteristic and control reactive power based on = H‘ ‘
voltage deviations from the reference value. To address this (b) Voltage controller
limitation, the droop control structure is augmented with an Ok
additional control stage comprising a gain block and an ’ —
integral lead compensator, which is activated when the N
inverter output voltage exceeds the voltage at the point of tier2
common coupling. The proposed controller generates a @'“
compensating signal that mitigates frequency anomalies by \ —r— ;
offsetting the delay introduced by the low-pass filter [44]. The - i vl

controller design is based on the deviation of the delay angle o —

at higher droop gain values (m_p), as illustrated in Figure 4. M .gl-

The complete implementation of the proposed adaptive droop g v @'—

controller is realized in the MATLAB/Simulink environment,

as shown in Figure 5. The controller gain K is intended as the @ JV —
magnitude of frequency drop Aw= -m, P equivalents the :}j
compensator drop (Awpss) in Figure 3. The following " H’;‘,:‘,‘:ﬁxif.' i)—‘ (v

mathematical state—space model, which presents a single
inverter unit,

Bh
A8 AS L yfer o
= 8P| = Ap | AP| + By, |Awrer| + Bp AF;, (106) =
AQ AQ

(c) Current control

Fig. 3 Cascaded controller procedure for the inverter from Matlab
Wherever Simulink

AF, =|AGiq  Alig AVoq Avey Alog  Alog|” . . . -
Wherever the linearized equations matrix coefficients are
Ap and Bp, w,.r the input frequency of the system, and A F;,
is the disturbance.

24
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T,S+1 |

%

L The auxilliary signal of the PSS ]

Fig. 4 Design technique of the proposed control signal [45]

—@L EE] =0

Fig. 5 A proposed droop control in Matlab Simulink

25

The predictable state-space model (Awpss):

Awpss = P+ K (222) (107)

sT+1

The Pss output is a function of the input f;,,; and a set of
parameters K, 73, and 75. Pss output is utilized to normalize
the output frequency of inverter units. The Awpgs New state—
space model is:

A(bpss:A(")pss (;_21)"' FiniAfif (%)'I-Fim’ di AFif (KT:I)
(108)

Consequently, the first state A8 will be changed according
to the novel control as:

Aw=-m,P-Awp (109)

A8 =-m, P - Awpss- A wrer (110)

The modified system’s state—space is:

. d
A XP = ApA XP +BPref A('*)ref + BPlA Fiv + BPZ E A 1:iva
(111)

AXp=|A8 AP AQ Awpg|” (112)

Wherever AXp is the phase angle
deviation, Ay, Bprer, Bpy, and Bp, signifies the coefficients
of linearized equations, Bp..r and Bp, are a function of the
input A wpe , AF;, is the disturbance, and Bp, is the time

derivative function of the disturbance % F;,. A state-space

model can be used to design a controller system that regulates
the inverter’s voltage and frequency.

9. Results of the Simulation

The proposed controller is implemented and evaluated in
the MATLAB/Simulink environment. This section presents a
comparative analysis between the conventional droop control
method and the proposed adaptive strategy to assess the
validity of the developed approach. The primary objective of
this comparison is to demonstrate the superior performance of
the controller in achieving stable and equitable power sharing
while mitigating voltage and current deviations under three
operating  scenarios:  steady-state  conditions, load
disconnection (reduction in load demand), and load increase.
Furthermore, the proposed control strategy enhances power
quality in hybrid smart microgrids by improving AC
frequency and DC voltage regulation, while maintaining
accurate power exchange between the interconnected smart
microgrids. By reinforcing the performance of the primary
control layer, the adaptive approach ensures system stability
across a wide range of droop coefficient values, thereby
offering greater robustness.
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9.1. Case (1) Steady State Case Operation

This scenario considers an islanded operation of the
hybrid smart microgrid, supplying three distinct loads. The
steady-state condition represents the normal operating mode
of the H-SMG, during which the waveform profiles of the
three loads are examined. Under conventional primary droop
control, deviations in the voltage—frequency waveforms of the
smart microgrid cannot be fully compensated, leading to
mismatches in active and/or reactive power sharing among the
associated distributed generators. With the implementation of
the proposed control strategy, these deviations are effectively
corrected, resulting in balanced power sharing among the
distributed generators during steady-state operation, as
illustrated in Figures 6-18.

60

- -
ézof 1
ol i
0 0.05 01 015 02 025 03 035 04 045 0.5
Ofsets05 Time (seconds)
(a) Primary control
60
40— -
230 3
Em
00 0.05 01 015 02 0.25 03 0.35 04 045 05
Ofsetsds Time (seconds)
(b) Proposed control
Fig. 6 Comparison of frequency values in case (1)
Table 2. The test parameters
Parameter Notation Value
Vwindl Wind voltage 440 V
Vwind?2 Wind voltage 440 V
Vpvl PV voltage 666 V
Vpv2 PV voltage 666 V
Vdc DC voltage 700 V
) Nominal Frequency 50 Hz
Load power P1,P2,P2 50,10,40 Kw
Cut-off frequency of a
@e low-pass filter 3.14 radls
I pse \oltage controller P gain 0.168
Kise Voltage controller, | gain 189.3
Kise Current controller P gain 13.37
Kopsi Current controller | gain 1005.3
mp and nq Droop coefficients 2.4 *10*, 10*10*
Cf Filter capacitance 11 F

Figure 6 illustrates a comparison of the system frequency
response obtained using the conventional primary controller
and the proposed droop controller over the time range from t
=0stot=0.5s. With the primary controller, the frequency
exhibits significant oscillations ranging from 27 Hz to 50.2

26

Hz, and then transitions to an oscillatory waveform centered
around 51.7 Hz. In contrast, the proposed adaptive controller
achieves a steady-state frequency of 50.13 Hz Figures 7-8,
Compare the active power (Pload) and reactive power (Qload)
of the load under both control strategies starting fromt=10 s
until t= 0.5 s. As shown in Figure 7, Pload displays oscillatory
behavior between 17, 80 W and 23,760 W when the primary
controller is used. In comparison, the proposed adaptive
controller smoothly adjusted to a steady value of 12,520 W. In
Figure 8, Qload oscillates between 745 Var and 7,028 Var
under the primary controller. The proposed adaptive controller
gives a steady value of 49, 83 Var. Figures 9-14 present a
comparative analysis of the voltage and current waveforms for
the three loads, namely (Vloadl, Vload2, Vload3), as well as
(Nload1, lload2, lload3), under the conventional droop control
and the proposed adaptive control schemes over the time
interval fromt =0 s tot = 0.5 s. Variations in load demand
result in corresponding changes in voltage and current
magnitudes, leading to increased waveform distortion under
these operating conditions.

As shown in Figure 9, the voltage of load 1 (Vloadl)
exhibits significant oscillations ranging from 76 V to 275 V
when regulated by the conventional primary controller. In
contrast, the proposed adaptive controller stabilizes Vload1l at
approximately 335 V. Figure 10 indicates that the current of
load 1 (lloadl) fluctuates between 34 A and 105 A under
primary droop control, whereas it smoothly converges to a
steady-state value of 89 A when the proposed controller is
applied. Similarly, Figure 11 shows that Vload2 varies
between 90 V and 276 V with the primary controller, while
the proposed adaptive strategy maintains a stable voltage of
238 V. As illustrated in Figure 12, the current of load 2
(lload2) oscillates within the range of 7.5 A to 19.5 A under
conventional control; however, it reaches a steady-state value
of 17 A under the proposed control scheme.

0.05 0.1 0.15 0.2 0.25

Time (seconds)
(a) Primary control

0.3 0.35 04 045 0.5

0.05 0.1 0.15 0.2 025

Time (seconds)
(b) Proposed control
Fig. (7) load active power in case (1).
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For load 3, Figure 13 demonstrates that VIoad3 fluctuates
between 84 V and 275.9 V when controlled by the primary
droop method. The proposed controller significantly improves
voltage regulation, maintaining Vload3 at approximately
237.5 V. Correspondingly, Figure 14 shows that lload3
oscillates between 32 A and 76 A under primary control,
whereas the proposed adaptive controller regulates the current
to a stable value of 64 A. Overall, the proposed control
approach produces voltage and current waveforms that are
nearly sinusoidal with reduced distortion and improved
steadiness compared to the conventional control case. Figures
15-16, compare the performance of the two controllers in
regulating Pdroop and Qdroop under two scenarios. In Figure
15, Pdroop exhibits oscillatory behavior ranging from 6,890
W to 22,950W under the primary controller. In contrast, with
the proposed adaptive controller, Pdroop maintains a steady-
state value of 28,052 W. Figure 16 shows that Qdroop
oscillates between 17,810 Var and 39,880 Var when using the
primary controller. Under the proposed controller, Qdroop
maintains a steady-state value of 27,020 Var.

e A R L] u‘;ma?:“n;s‘); 035 o4 o045  os
(a) Primary control
e i ﬂ A ﬁ ﬂ ﬂ MIAAANARAARAAT
i..
IVVTRUI
=e 005 o 0.15 uiTzimB ?;ii md-;ﬁ); 035 o4 o045  os
(b) Proposed control
Fig. 14 lload3 in case (1)
3x1u‘
2

p droop
T

<

0.05

0.1 0.15 0.2 0.25

Time (seconds)
(a) Primary controller

0.3 0.35 04 0.45

p droop

o

0.05 0.1 0.2 0.25

Time (seconds)
(b) Proposed control
Fig. (15) Droop active power outputs in case (1)

0.15 03 0.35 0.4 0.45

28

U

T ierre G craetn)

(a) Primary controller

Fig. 16 Droop reactive power output in case (1)

Figures 17-18 present a comparison of inverter output
voltage and DC bus voltage (Vdc), respectively, under both
control strategies. Figure 17: The inverter output oscillates
between 64 V and 175 V with the primary controller. With the
proposed controller, the inverter output maintains a steady-
state value of 159 V. In Figure 18, Vdc fluctuates between 485
V and 667 V with the primary controller. Under the proposed
adaptive controller, Vdc has a steady-state value of 453V. It
can be realized that in case (b), under the proposed controller,
the inverter output and Vdc are better than in case (a).

200

Inverter output  V

025
Time (seconds)

(a) Primary controller

Inverter output ¥
2
H

03 035 0.4 0.5

0.15 02 0.25
e Time (seconds)

(b) Proposed controller
Fig. 17 Inverter output in case (1).

© 300
8
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L ' L L L L E|
0.2 025 0.3 0.35 0.4 045 0.5

Time (seconds)

(b) Proposed control
Fig. 18 \Vdc output in case (1)

015

9.2. Case (2) Interruption of one Load from Service
(Reducing the Load)

This operating scenario examines a hybrid smart
microgrid when loads 1 and 2 are connected, while load 3
remains disconnected with its switch initially open. Under the
adaptive control strategy, oscillations in the smart microgrid
voltage—frequency waveforms are effectively mitigated,
resulting in improved regulation of frequency, voltage, active
power, and reactive power. Moreover, the proposed controller
ensures balanced power sharing among the distributed
generators during steady-state operation, as illustrated in
Figures 19-30. Figure 19 compares the frequency responses
obtained using the conventional primary droop controller and
the proposed adaptive droop controller over the interval from
t=0stot=0.5s. When the primary controller is applied, the
system frequency exhibits pronounced oscillations ranging
from 29 Hz to 50.2 Hz. In contrast, the proposed adaptive
controller maintains the frequency close to its nominal value,
stabilizing it at approximately 50.15 Hz. Figures 20-21,
compare the Pload and Qload of the load under both control
strategies. As given in Figure 20, Pload displays oscillatory
behavior between 2,207 W and 22,762 W when the primary
controller is used. In comparison, the proposed adaptive
controller adjusted to a steady value of 21,724 W. In Figure
21, Qload oscillates between 745 Var and 7,028 Var under the
primary controller. With the proposed adaptive controller,
adjusted to the steady state value of 8633 Var. Figures 22-27
illustrate the comparison for Vloadl, Vload2, Vload3, and
lloadl, lload2, lload3 waveforms for the three loads under two
control approaches. In Figure 22, Vloadl oscillates between
91.6V and 314.8V when using a primary controller. With the
proposed controller, Vloadl is stabilizing at a steady-state
value of 315V. Figure 23 shows that lload1 oscillates between
32.7 Aand 115.6 A when controlled by the primary controller.
In contrast, under the proposed controller, lloadl holds
smoothly to a steady-state value of 115.7 A.

frequency
w2
=l

3

0.15 0.2

0.25 03
Time (seconds)

(a) Primary control

035 04 045 05

015 02 025 03

Time (seconds)

(b) Proposed control
Fig. 19 Frequency in case (2)

035 04 045 05

In Figure 24, Vload2 fluctuates between 94.5V and 313.8
V under the primary controller. The proposed controller
maintains Vload2 at a steady-state value of 314V. Figure 25
shows that Iload2 oscillates between 7 A and 21.5 A with the
primary controller. Under the proposed controller, Iload2 has
a steady-state value of 21.6 A. In Figure 26, Vload3 varies
between 96 V and 312.5 V with the primary controller. The
performance,

proposed controller achieves a steadier
maintaining Vload3 at 313V.

) 10

0.05 [A] 015 02 0.25 0.3

Time (seconds)
(a) Primary control

035 04 045 0.5

3}1

p load

0.05 0.1 0.15 0.2 0.25 0.3 045 0.5

Time (seconds)
(b) Proposed control
Fig. 20 Load active power in case (2)
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035 04 045 0.5
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0.25 03
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(b) Proposed control
Fig. 21 Load reactive power output in case (2)
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shows that Qdroop oscillates between 3,921 Var and 24,457
Var when using the primary controller. Under the proposed
controller, Qdroop is adjusted to a steady-state value of 16,550
Var
o0 Figures 30 - 31 illustrate a comparison of the inverter
output voltage waveform and Vdc, respectively, under the
> oo conventional primary droop controller and the proposed
o o «‘" m adaptive control strategy. As shown in Figure 30, the inverter
£ o0 output voltage exhlblts substantlal oscnlatlons ran |n from
75V to 214 V
00 S contras

o («:wsz\f\:wwwwww‘
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Fig. 26 Vload3 wave in case (2)
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Fig. 27 lload 3 output in case (2)
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Fig. 28 Droop active power in case (2)
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Fig. 29 Droop reactive power in case (2)
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Fig. 30 Inverter outputs in case (2)
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Fig. 31 VVdc outputs in case (2)

9.3. Case (3) Increasing the SMG Load Values

This scenario investigates the hybrid smart microgrid
under increased load conditions. The system response is
evaluated in terms of voltage, frequency, active and reactive
power levels of the connected loads. The application of the
adaptive controller effectively suppresses oscillations in the
smart microgrid voltage—frequency waveforms, leading to
improved regulation of frequency, voltage, active, and
reactive power. Moreover, the proposed control strategy
ensures balanced power sharing among the distributed
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generators during steady-state operation, as demonstrated in
Figures 32-44. Figure 32 compares the system frequency
response obtained using the conventional controller and the
proposed adaptive droop controller. Under primary droop
control, the frequency exhibits pronounced oscillations
ranging from 26.6 to 51.6 Hz. In contrast, the adaptive
controller maintains the frequency close to its nominal value,
stabilizing it at approximately 50.09 Hz.

10-
0= 1 L 1 1 L L 1
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Fig. 32 Frequency value in case (3)
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Fig. 33 Load active power in case (3)
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Fig. 34 Load reactive power in case (3)
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Figures 33 and 34 present a comparison of Pload and
Qload responses of the load under both control strategies over
the same time interval. As shown in Figure 33, Pload
fluctuates significantly between 2,354 W and 37,878 W when
regulated by the primary controller. By comparison, the
proposed adaptive controller enables a smooth transition to a
steady-state value of approximately 13,750 W. Similarly,
Figure 34 illustrates that Qload oscillates between 319 and
3,050 Var under primary droop control, whereas the proposed
controller regulates it to a stable steady-state value of about
1,710 Var. Overall, the results confirm that the proposed
adaptive control strategy effectively suppresses oscillations
and maintains system variables close to their nominal values
under increased load conditions. Figures 35-40 illustrate
Vloadl, Vload2, Vload3, and lloadl, lload2, and lload3
waveforms for the three loads under two control approaches.
In Figure 35, Vload1 oscillates between 65 V and 205 V when
using the primary controller. With the proposed controller,
Vloadl is stabilizing at a steady-state value of 153.5 V. Figure
36 shows that lloadl oscillates between 55 and 220 A when
controlled by the primary controller. In contrast, under the
proposed controller, lloadl holds smoothly to a steady-state
value of 148 A.

200

i i ‘&”M" I M’o'& m

G085

v

Vloadt

= CED
Time (saconde)

(a) Primary controller

Vieadt v

CRE oz CED GE) GED G4 645
Time (seconds)

0.6

(b) Proposed controller
Fig. 35 Vloadl wave in case (3)
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Fig. 36 lload 1 waves in case (3)

In Figure 37, Vload2 fluctuates between 64.5 V and 24.6
V under the primary controller. The proposed controller
maintains VIoad2 at a steady-state value of 152.8V. Figure 38
shows that lload2 oscillates between 25 A and 81.6 A with the
primary controller. Under the proposed controller, lload2 has
a steady-state value of 52 A. In Figure 39, Vload3 varies
between 61 V and 203 V with the primary controller. The
proposed controller achieves a steadier performance,
maintaining Vload3 at 151V. Finally, Figure 40, illustrates
that the current of load 3 (lload3) fluctuates between 20 and
63 A when controlled by the conventional primary droop
strategy. In contrast, the proposed adaptive controller
regulates lload3 to a steady-state value of approximately 35
A. Overall, under the proposed control scheme, the voltage
and current waveforms exhibit near-sinusoidal characteristics
with reduced oscillations and greater steadiness compared to
the primary control case.
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Figures 41-42, compare the performance of the two
controllers in regulating Pdroop and Qdroop under two
scenarios. In Figure 41, Pdroop exhibits oscillatory behavior
ranging from 4,365 to 17,217 W under the primary controller.
In contrast, with the proposed adaptive controller, Pdroop is
adjusted to a steady value of 27,770 W. Figure 42 shows that
Qdroop oscillates between 8,582 and 52,310 Var when using
the primary controller. Under the proposed controller, Qdroop
is adjusted to a steady value of 66044 Var.
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Fig. 41 Droop active power output in case (3)
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Figures 43-44 present the comparison of the inverter
voltage waveform and Vdc under both control strategies.
Figure 43, the inverter output oscillates between 35 and 129V
with the primary controller. With the proposed controller, the
inverter output maintains a steady-state value of 122 V. As
shown in Figure 44, the DC-bus voltage (Vdc) varies between
450 and 665 V when regulated by the primary controller.
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In contrast, the proposed controller stabilizes Vdc at a
steady-state value of approximately 621 V. These results
indicate that, under the proposed control (case b), both inverter
output and DC-bus voltage waveforms exhibit improved
stability and reduced oscillations compared to the primary
control case (case a).

10. Conclusion

This paper introduces an adaptive droop control strategy
for hybrid smart microgrids aimed at enhancing the
performance of the primary control layer, including droop,
voltage, and current controllers. The proposed approach
improves power quality by effectively regulating system
frequency and voltage while preserving accurate active and
reactive power sharing between interconnected smart
microgrids. Owing to its simple implementation, the controller
efficiently suppresses frequency and voltage deviations
caused by load sharing among inverters and enhances overall
power distribution in hybrid smart microgrid systems.
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Simulation results obtained under three operating adaptive droop control strategy in H-AC/DC- SMG under
scenarios-steady-state operation, load disconnection, and  transient loading conditions and during system disturbances.
increased load demand-demonstrate that the proposed
adaptive droop controller significantly improves system A\ thor Contributions
stability margins and enables faster and more reliable power All the authors have accepted responsibility for the entire
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