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Abstract—An efficient method for small-signal stability as-
sessment of P — f/Q — V droop control methods for mul-
tiple converters in an isolated micro-grid (MG) is proposed
in this paper. A MG model described with arbitrary number
of converters is explored first. If there are more number of
converters in a chosen MG, only dominant eigenvalues related to
droop control are of primary interest. Therefore, constructing
a reduced-order model to speed up the small-signal stability
assessment becomes necessary. By extending the previous work
of MG with P — f/Q — V' droop control, a reduced-order model
of MG with P— f/Q—V droop control is investigated under mild
assumptions. Such a simplified model will facilitate to compute
the poles and zeros of the closed-loop systems and provide more
physical insight to examine the relationship between dominant
eigenvalues and each droop control gain. As the mathematical
analysis of conventional P — f/Q — V droop control provides
the characteristic polynomials contributed by P — f and Q — V'
droop controls, the P — f/Q — V droop control also provides
a similar characteristic polynomials contributed by P — f and
@ — V droop controls. These characteristic polynomials of the
system helps MG operators for better tuning of each droop gain
for stable operation of MG. A detailed study of actual plant
model and the reduced-order plant model are investigated. Both
simulation and experimental results are presented to validate the
proposed method.

Index Terms—Micro-Grid (MG), Droop control, Power Con-
verters, Small-Signal Stability, Characteristic Polynomials.

I. INTRODUCTION

With recent advocates of distributed energy resources
(DERs), the concept of micro-grid (MG) has been widely
investigated recently as an effective way to integrate DERs
into the existing AC power grid [1] - [3]. In order to achieve
robust plug-and-play features, the MG can be operated either
in the islanded mode or in the gridconnected mode. In the
islanded mode, DERs interface power converters (DICs) in the
MG are governed by droop control strategies for autonomous
operations [3] - [12]. With the P— f droop control, an accurate
real power sharing can be obtained among the DICs. However,
with Q —V droop control, the reactive power sharing is highly
dependent on DICs output filter and power cable impedances
[13]. The autonomous load sharing with Q-V droop control
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can be affected by unequal filter and line impedances of DICs
[14]- [15]. In order to resolve this difficulty, the @ — 1%4 droop
control method has been proposed recently to improve the
reactive power sharing among DICs [16]. Small-signal stability
analysis of P — f and Q — V is first explored in [16].

The precise eigenvalue analysis of the MG has been
achieved and their results show that the dominant eigenvalues
are due to droop control [17] - [18]. In [19] - [20], it has been
found that, as the droop control gains of the MG increases
the stability margin will decrease. In particular, for higher
values of droop control gains, the closed-loop system becomes
unstable. However, as there are more number of DICs in MG,
only dominant eigenvalues related to the droop control are
of primary interest. Under such condition, it is necessary to
reduce the order of the MG plant model through mathematical
analysis and find small signal stability of the reduced order
plant model.

In order to lessen the computational complexity and provide
more physical insight, a reduced-order modeling technique for
the MG adopting the P — f/Q — V droop control has been
proposed in [21]. Under mild assumptions, it has been shown
that the droop control gains of each DIC can be examined
separately with corresponding characteristic polynomial equa-
tion. Thus dominant poles of the closed-loop system can be
easily analyzed by the root locus technique. This method has
provided more physical insight to examine the relationship
between dominant eigenvalues and each droop gain.

In this paper, we extend the work of [21] by constructing the
reduced-ordered dynamic model for a MG with P — f/Q) — 1%4
droop control. As the mathematical analysis of conventional
P — f/Q —V droop control provides the characteristic poly-
nomials contributed by P — f and @Q — V' droop controls,
the P — f/Q — 1%4 droop control also provides a similar
characteristic polynomials contributed by P — f and Q — V
droop controls. These characteristic polynomials of the system
helps MG operators for better tuning of each droop gain for
stable operation of MG. A detailed study of actual plant model
and the reduced-order plant model are investigated.

The rest of this paper is organized as follows. In Section II,
MG plant model in reduced order form has been derived for a
chosen MG network structure. In Section III, the P— f/Q — 1%
droop controller equations are brought to the convenient form
to append the droop control equations in to open loop plant
model derived in Section II. The reduced order plant model
with P— f/Q — V droop control equations is derived to carry
out small signal stability assessment of the system. Section IV,
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Fig. 1: Ring Connected Three DICs - MG structure

presents the simulation and experimental results of proposed
system. Finally, some conclusions are made in Section V.

II. OPEN-LOOP MG MODEL

In this section, we will follow [21]’s notion to construct
the MG. The complete MG model without droop control will
be considered first. Then, a reduced-order MG model without
droop control will be derived. For illustration purpose, we
consider the one-line diagram of a three-phase DIC MG as
shown in Fig. 1. It consists of three DICs, each DIC consists
of six IGBTs with anti-parallel diodes, fed with a constant DC
voltage source. Each DIC consists of L — C' low-pass filter at
the output to filter-out the higher order switching frequency
components. The output voltage of each DIC is the voltage
across capacitor C'y of the filter. All DICs are operated with
space vector pulse width modulation (SVPWM) switching
technique with current and voltage regulation. DICy, DICs
and DICj5 have local balanced linear loads with impedances
Zy1, Zyo and Zj3 respectively. Zy2, Z13 and Zsz are the
cable impedances with resistances Ris, Ri3 and Res and
inductances Lyo, L13 and Log respectively.

A. Open-loop Plant Model

Since variations in amplitude and/or phase of phasor vari-
ables in MGs are slow enough in comparison with fast
transient dynamics of power electronics, the pseudo steady
state analysis is sufficient for modeling and analysis for MG
droop control problems. It is assumed that all current and
voltage variables are described in the synchronously rotating
d — q reference frame. Since the system considered is a
balanced system, all variables in d— g frame are DC-quantities
under steady-state. Each transformed d — ¢ frame variable
is expressed in real and imaginary complex variable. The
following notations are considered for subsequent analysis: For
m = 1,2 and 3, vy, = Vma + JUmg is the output voltage of
the DIC),, tem = temd + Jlemg 1S the output current of the
DICy,, im = tma + Jiimg is the local load current of the
DIC,,, and u,, = 6,, — jV,, is the control signal input of the
DIC,. Line currents between the DICs are 412 = %124+ J¢12¢,

2

113 = %134 + Ji13¢ and 123 = d23q + jio3q. The angle 0,, is
defined as follows [17]:

0, = tmfl(vmq/vmd) 1)

Since (1) is a non-linear equation, the following linearized
form will be utilized for subsequent analysis:

Agm = (7quArUmd + deAvmq)/(Vnsz + VTT2MJ) @)

The variable V,, denotes the output voltage magnitude of
DIC,, defined by

Vi = /(02 + 020}/ (Vi + V) 3)
Its linearized form can be written as:

AV, = (quAUmd + deAUmq)/(Vn%d + Vf?lq) )

Thus, the complex variable u,, can be expressed in small-
signal model as follows:

At = kumAvm = (—Ving — Vi) Avm / (V24 + Vi2,).  (5)

When all three DICs are considered, (5) can be expressed in
the following matrix form:

-4, 1] [22‘] =0, (6)

where A, = diag[l/ku1,1/ku2, 1/ kus).

By applying load voltage equations, Av,, = Z;,, Aiy,,, where
Zym = Rym + sLyy + jwLy,, we get the following matrix
form:

A 1] [ﬁﬂ —o, )

where A; = diag[l/Z;1,1/ 22,1/ Zi3).
Now by applying KCL at all nodes in Fig. 1, we have

Ai,
[I —I Ap] |Aqy| =0, 8)
Adr
where
-1 0 -1
Ar=|1 -1 0
0 1 1
Similarly, by applying KVL for three branches with
impedances Z12, Z13 and Za3, we have:
Av
[-A, I [AiJ =0 )
where,
1 1
Ziz 7 01
A= 10 zp 7
I S o
Zlg ZI,B

where Z,,n, = Rymn + SLyn + jw Ly for myn = 1,2 and 3,
such that m # n.

Now, by combining (6)—(9), the complete open-loop plant
model of the MG system can be expressed as:

1A][Az] = 0 (10)
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A, I 0 0 0 25

0 0o I —I A 1

0 -A, 0 I 0 ﬁzc =0 Ay
l

0 -4 0 0 ]

B. Reduced-Order Model

Equation (11) is the complete open-loop plant model of
the MG without considering the droop control. However, the
order of the closed-loop plant model will become extremely
high as the number of DIC’s increase for practical industrial
applications. In order to reduce the computational complexity,
the order of the plant model needs to be reduced by eliminating
variables which does not affect the droop control equations
significantly. This task can be achieved by pre-multiplying a

uni-modular matrix [U] with matrix [A]. Since |U| = 1, the
unimodular matrix [U] is chosen as
1 0 0 0
Al —ALAz) I I —-A
[U] = (A OL ) 0o I OL > (12)
0 0 0 1
and
—A, 1 0 0 O
N ALA YA« 0 I 0 0
[U11A] = A, 0 I 0 (13)
0 A, 0 0 I

Now consider the droop dynamics. Since only the output
voltage Av,, and the output current A, of each DIC are
considered for implementing the feedback decentralized droop
control loop, each droop controller can be implemented as two-
input and one-output linear system of the form: form =1,2,3

—Climpum = Cu,, Ay + Cie, Ao

where C, and Cj., define the denominator of the droop
control transfer function from the output voltage Awv,, and the
output current A, respectively. Cimyp,, is the numerator of
the droop control transfer function to control input u. Analyt-
ical expressions of Cy,, Cic,., and Cypp,. Will derived in the
next section. If we define Cjj, = diag[Cimp, , Cimps > Cimps >
Cy = diag|Cy,, Cy,, Cy,], and Cye = diag[Cic,, Cic,, Cics)s
the droop control can be expressed in the following block
matrix form as:

CAz = [Cimp Cy Cic 0 0]Az=0. (14)

If these droop controller coefficients are appended to the
matrix in (13), the closed-loop MG plant model is formed as
follows:

[Aclosed} [Ax] =0, (15)
where
—Ay 1 0 [0 O
(A —ApANA, 0O T |0 0
Aclosed == Cz'mp CU C’ic 0 0 (]6)
0 -A 0 |I O
0 A, 0|0 I

The determinant of A¢joseq provides the characteristic poly-
nomial of the closed-loop system, so that the stability can be
analyzed. Since the matrix Acjoseq is Of higher order, the de-
terminant of the Acjoseq can be examined by its corresponding
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Schur’s complement as,

—A, 1 0
|Aclosed‘ = '(Al - ALAZ)A’U. 0 1 ) (17)
Cimp Cy Cic
where
(A1 —ALA,)
J ST SR S _ L _ 1
_ Zi —ZZ Z13 ZL n le12+ le _;
2 2 12 23
—r __1 4+
Z13 Za3 Z3 Z13 Zag

Since the load impedance is much larger than each line
impedance between DICs, Z; terms can be neglected in

(A — AL A,). Thus, (A, — AL A,) can be simplified as
11 1 1
Zis + ZlS g Zw 7? -|
A —ALA, = Z_2 Zi2 + ng 17Z231 J .
T Zis sz Ziz " Ziz

ITII. REDUCED-ORDER PLANT MODEL WITH
P — f/Q — V DROOP CONTROL
In this section, first P— f/ Q—V droop control equations are
brought to the convenient form to append the equations to the
open loop plant model derived in Section II and then reduced
order model with P — f/Q — 1% droop control is derived.
A. Droop Control Mechanism

The P — f/Q — 1% droop control with voltage restorations
can be described as follows: for m = 1,2, 3,

Wiy, = 80m = wo — kpm( pOm) (18a)
V —SVm—Vo—k m(@m — qom), (18b)
QOm = Sqom = I<resQrm(%m - Vm); (18c)

where w,,, is the angular frequency of converter output voltage;
wp is the nominal grid frequency; Vi, is the magnitude of the
converter output voltage; ng is the nominal value of Vm,
D 1S the active power generated by the converters; pg,, is
the nominal active power; qo,, is the reactive power; &, is
the droop control gain for P — f droop control; kg, is the
droop control gain for Q) — V droop control; K, is the V
restoration gain; Q..,,, is the rated reactive power capacity. p,,
and g,, can be expressed analytically as

Dm = Umdlemd + Umqicmq (19a)
Om = Umglemd — Umdlemg (19b)
By linearizing (19), we have
Apm = IemdAvmd + IemqAVmg + VindAiema
+VingAicmg (20a)
Agm = IemdAVmg — LemqAVmad + VingQicmad
—VimdDiemg (20b)

Iema and Igyng are the values of i¢pmg and icmg output
currents of converter m respectively. At an equilibrium point,
the linearized droop control equations can be described as:

SAO = —kpm Appy, (21a)
SAVm - ‘kquQm + kquQOm (Zlb)
(5 + kquresQrm>Aq0m = k'qu(resQrmAQm (21c)
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By substituting terms Ap,, and Ag,, obtained in (20) into the
linearized droop control equations in (21), we have

sAOp, = *kpm (]cmdAvmd + Icqu'Umq + deAicmd

+ quAicmq) (223.)
SAVm = kqm (Icqu'Umd - [cmdAUmq - quAicmd
+ deAicmq) + kquQOm (22b)

(«S + kqml{resQrm)Aqom =
- IcmdAUmq -

_kqml{resQrm(Icquvmd
quAicmd + Vm(iAicmq) (22C)

The droop control for m DICs can be generalized and can be
represented in the following matrix form:

sl 0 0 Cha
0| AbOp + |sI| AV + | E | Agom + | Dvd | Avma+
0 0 En FEs
cvq] O,-d] lciq]
Dyg | Avimg + | Dia| Aicma + | Dig| Diemg =0,
FEs Ey Es
(23)
where
E =diag(kqm),
E, =81 + diag(kqm) KresQrm,
E3 =DyallresQrm,
E3 =DyqKresQrm,
E4 =DiaKresQrm,
Es =DigKresQrm,
0= [91 02 93] )
Vm=[-V1 -Va -V3],
qom = [q01 qo2 QOa] )
Umd = [Via  V2d  vad],
Umq = [Ulq U2q U3q] )
femd = [feld  Gc2d ic3d] 5
Gemg = [felq  Ge2q  fcsq]
kpm = [k,ﬂ kp2 k’ps] .
kqm = [kq1 kg2 kg3,
Cya = [diag(kpm) X dzag([cmd)]
Cug = [diag(kpm) X dlag([cmq)}
Cia = [diag(kpm) x diag(Vina)] ,
Ciq = [diag(kpm) X diag(Vmg)] ,
Dya = [diag(gm) x diag(Lemq)]
Dy = [*diag(kqm) X diag(lcmd)] )
Dig = [~diag(kqm) % diag(Vig)] ,
Diq = [diag(kqm) * diag(Vina)] -

Note that V,, is chosen as negative sign to remain in
accordance with the definition of w,, = 6,, — jV,,. Taking
one matrix as example: Cy, = diag(kyile1q, kpale2, kpsles).
The Matrices Cyq, Cyq, Cid, Cigs Duds Dug, Dig and D;q are
defined in a similar form.

B. Reduced-Order Model with P — f/Q — V Droop Control

To obtain the reduced-order model with P— f/Q) — 1%4 droop
control, the reduced-order plant model equations obtained in
(17) are appended with the droop controller equations derived
in (23). Henceforth, the following matrix representation can
be obtained:

[Aa][Az] =0 (24)

4
where
' A0 I 0 0 0
~AL AT 0 0 I 0 0
7A7z_fmp Asz 0 0 0 1 0
Aa=|-AY, —AL, O 0 0 0 I
sl 0 Cya Cyug Cia Cig
0 sl E D’ud qu Did Dz'q
0 0 E E» FEs Ey Es
and
. . T
Az = [A97 AV, Aqom, Avma, AUanv Aiemd, AZcmq]
and A;mp = (A1 — ALA,)A,. Note that A, can be expressed

in complex real and imaginary components as A” and A,
respectively. Similarly, A;;,; can be expressed in complex real
and imaginary components as A5, and Al respectively.
The determinant of A.; gives the characteristic polynomial
of the closed-loop system. In order to reduce the computa-
tional complexity, the order reduction techniques developed
in Section 1II is applied once again for matrix A.;. Let matrix

A¢; be pre-multiplied by a uni-modular matrix U defined by

I 0 0 0 0 0 O
0 I 0 0 0 0 O
0 0 I 0 0 0 O
Ugs=1| 0 0 0 I 00 0 |,
—Uwd ‘qu _Cid —C'iq I 0 O
—Dya —Dyg —Dig —Dijy 0 I 0
-E, —Ey —E; —-E; 0 0 I
the product U, A becomes
—A" Al 0|7 0 0 07
— A —A" 010 I 0 O
~Ap, A, 010 0 T 0
UgAa = | —Almp —Almp 0 [0 0 0 [ 25)
cyed  cmer 0|0 0 0 O
Dmod D’"O‘i E|l0 0 0 0
Dl’é‘;‘f DIZ‘;% Ei1 |0 0 0 0.

where,

O =3I + Cya AL, + Cog A + CiaAimp + CigAtmp,

O = = Cuah + Cug A — it + Cia iy
Dgzod udA + quA + Dszzmp + quAzmp7
D?fmd =sl — udAL + Dyg Ay, — szzmp + D“JA;”P’

D:ég(f :I('resQrm(_
D228 =KresQrm(—

By Schurs complement, we have

Dya Al 4 Dyg Al + DigAlpy, + DigAlns),
Dya A% + DygAl — DiaAbmp + DigAimy)-

anod C‘r}wd 0
|Aa| = |Dg? Dyt E (26)

DRl DR B
|A¢i| can be further simplified if the following three assump-
tions are made:

1) The output voltage phase angle difference between the
DICs is small.
2) The output voltage magnitude difference between the
DICs is very small.
3) At an equilibrium point chosen, V4 =~
and Vi4 & Vo, &= Vag=:V,.
Under

Vog ~ V3q=:Vj.

these three assumptions, matrices
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anod C‘n/zod Dgnod De’bod Dmmli and Dmog
) ) b ) TES Tes
as follows:
1) G5t = sI + diag(kpm)[-Q + (Vi + V) X],
where @ = diag(Q1, @2, Q3) and

are simplified

Xi2 + Xi3 —X12 —X13
X = —X12 Xi12 + Xo3 —Xo3 )
—Xi3 —Xo3 X13 + Xos
Xomn = Whinn /| Zmn|? and
|Zmn|2 = (Rmn + SLmn)2 + (UJLmn)Q-
2) Cped = diag(kpm)[—P — (V7 + VY], where P =
diag[ Py, P5, P3] and
Yi2 + Yis —Yi2 —Yi3
Y = —Yi2 Y12 + Ya3 —Ya3 .
—Yi3 —Ya3 Y13 + Yo3

Yon = (Rmn + SLmn)/|Zmn|2

3) Dyt = diag(kgm)[—P + (Vi + V2)Y].

4) Dmod = sI + diag(kem)[Q + (V7 + V) X].

5) D;’égﬁl = KresQrmdiag(kgm )[—P + (Vd + V2)Y].

6) Diist = KyeuQrmding(kqm) Q + (VE + V2)X]

The variable w represents the value of the angular frequency
of the MG at the operating point when the frequencies of all
DICs become equal. Usually, the variation of the frequency
w is sufficiently small if P-f droop control is activated, w ~
wop. Similarly, the variation of the output voltage magnitude
is also sufficiently small if  — V droop control is activated,
(Vd2—|—Vq2) ~ Vi#, where V; be the rated voltage of the system.

Since elements of matrix (25) are simplified, the determinant
of A can also be simplified. Since droop gains &y, and kg,
are quite small, two or more products of such terms are very
small and can be neglected. Thus, only the product of the
diagonal terms in A, would contribute for the determiant of

A, since other terms have a product of two or more droop
gains. Under this situation,

| Act| & (C*°%) (DY) By
~ (CFoN (DY) (sI + diag(kgm) KresQrm)
~ |(sI)[sI + diag(kpm)(—Q + V5 X))
x [sI 4 diag(kgm)(KresQrm + Q + Vi X)|

If three DICs are considered, the characteristic polynomial
for the closed-loop MG system can be expressed as

@n

Aatl = 5% x [s 4+ ko (=Q1 + Vi (552% + V3 55 |

x 5+ kpa(—Q2 + Vi 5538 + Vi (225
2wL 2 wlo
x[erkg Qs + Z131|3“+%|223|3§]

(28)

X

—

2 whlyo + V2 wlqs ]

0 1Z1212 0 1Z1312

(-

(=
s+ kgt (KresQrm + Q1 + V.
X [5 + kg2 (KresQrm + Q2 + V& lez V02%]
(

X [+ Ko (KresQrm + Qs + Vz%lf’z + VS 52 |

The effect of each individual droop gain can be examined
through examining each polynomial in |A.| = 0. Each DIC
appears to be transformed into an equivalent network with the
interconnecting impedances connecting it to other DICs taken
into account. The droop control are then applied to this equiv-
alent network providing two polynomials for each DIC, one
for P-f droop and the other for Q-V droop. The polynomial
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s corresponds to the action of time-derivative respect to V.
Therefore, the small-signal stability of the closed-loop system
can be examined by examining each polynomial independently
with a single droop coefficient. For example, consider the
following polynomial:

[s 4+ kp1(—Q1 + ViwLia/| Z1a|* + ViwLi3/| Z13]?)] =

which relates one dominate pole of the closed-loop system
with respect to the P-f droop gain of the first DIC. The above
equation can also be rewritten as

81Z12%| Z1s|” + kp1 (—Q1]Z12|%| Zas|*+

VowLi2| Zus|* + VéwLis| Z1a[*) = 0, (29)

which is expressed in the standard root locus form den(s) +
k.num(s) = 0 of closed-loop system. den(s)/num(s) is open
loop transfer function.

Since the computational complexity of evaluating a single
polynomial is far lesser than the computation of the determi-
nant of the entire system model, the computational speed has
been enhanced significantly. Thus, in order to ensure stable
operation of all DICs for a chosen MG, a common k,, and £,
limit values can be found such that all the six polynomials in
(28) are satisfied simultaneously.

If we compare the characteristic polynomial of the closed-
loop system of the proposed P — f/Q — V droop control
with the conventional P — f/Q — V droop control, some
observations can be made.

o Individual real-power droop characteristic polynomials
have identical formulation in both droop controllers since
both methods use same P-f droop control law. However,
the reactive power droop characteristic polynomials are
different from each other, since both methods use differ-
ent reactive power droop control law.

o If P—f/ Q-V droop control is applied, the characteristic
polynomials of the closed loop system contributed by P—
fand Q—V droop controls have the same number with
that of P — f/Q — V droop control. This means that
both real power droop and reactive power droop play a
dual role in the droop control. This subtle property will
facilitate tuning the droop gain.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the analytical results developed in the
previous section, both simulation and experimental results
of a MG with P — f/Q — 1%4 droop controlled DICs will
be presented in this section. For illustration purpose, a MG
with two DICs and a load, as shown in Fig.2, is studied.
Simulink/MATLAB simulations are provided to show the
movement of poles of the controlled system for varying droop
gains. Hardware experimental results are reported to show the
transient response of the proposed P— f/Q — V droop control.
The system parameters are listed in Table I.

A. Simulation Results

Since only two DICs are considered in this example, only
four polynomials will appear in the characteristic polynomial
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TABLE I: Parameters of Hardware System

Parameter Value

DIC rated power 1kW

DIC terminal voltage 110 Vi _(rms)
System frequency, f 60 Hz
Inductance of DIC filter 2 mH

Capacitance of DIC filter 10 uF°
Load resistance, R 12 ohm
Load inductance, L 30 mH
Resistance of transmission line, Ro3 0.25 ohm

Inductance of Transmission line, Lo 2 mH
DC bus voltage, Vpc 400V

nic, nic,

Fig. 2: The MG for experimental study

as shown below:
[Act| = 5% X Gppa(s) X Gppa(s) X Ggpia(s) X Ggya(s) (30)

The closed-loop system stability is decided by the stability of
each individual polynomial.

The polynomials Gy r2(s), Gpra(s), Ggyo(s) and Gg,s(s)
contain the gains ko, kp3, kg2 and kg3 respectively. Table II
lists expression for each polynomial and their corresponding
zeros and poles. When the roots of the polynomials are plotted
for varying positive droop gains, as per theory of root locus
plots, the loci originate from the poles for zero gain and
terminate at the zeros as gain tends to infinity.

Figures 3 - 6 shows the movement of roots of each polyno-
mial as their respective control gains are varied. The arrows
indicate the direction of movement of the roots as the control
gains increases. In all the plots, the roots move into the right
half of the s-plane for large values of the control gain. The
zero on the right half of s-plane implies that the controlled
system is unstable for large gains with root loci moving closer
towards it. The value of the control gains kyo = kpz = &,
and kg2 = kg3 = kg for which the controlled system
becomes unstable is found to be 6.5 x 10~3(rad/(Ws)) and
6.5 x 1073(V/(V AR.s)) respectively. If the control gains are
smaller than above mentioned values, the controlled system is
stable, as the roots are on the left side of the imaginary axis.

B. Experimental Results

We provide a hardware prototype platform to verify above
mentioned simulation results. The parameters of the hardware
experiment are listed in Table I. This hardware experiment is
proceeded by the following two steps:

e DICj is started with its drop controller and it generates
output 110V (RMS (L-L), 60 Hz) to the load. During
this step, DIC5 is only locking the phase of the voltage
output from DIC5 but does not generate the power.
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TABLE II: Zeros and Poles of the Polynomials

Polynomial Zeros Poles
Gpra(s) = [s]Z23]” + kpa(—Q2| Z2s]* + Vo wLas)] —6480.4,6230.4 | —125 + 5377,0
Gpr3(8) = [8]Za3|? + kp3(—Q3|Za3)? + Vo wLas)] —7069.5,6819.5 | —125 + j377,0
Ggoa(s) = [8|1Z23]* + koo (KresQrm|Zos* + Q2] Zas|? + Vo wLas)] —125+ 43589 | —125 + 4377,0
G:;Qi)3(5> = [5]Z23]% + kg3 (KresQrm| Zos|* + Q3] Zas|? + Vo wLos| Z15|*)] | —125 + 75204 | —125 + 5377,0
s - 0,0,0

TABLE III: Control gains of two cases

Control gain Case 1 Case 2
ky(rad/(W.s)) I1x107° [ 1x107°
ke(V/(VAR.s)) | 1x107% | 1 x 1073

o DIC, is started with its droop controller and it generates
output 110V (RMS (L-L), 60 Hz) to share its power along
with DICj3 to the load.

In order to verify the control gain values obtained by root
locus method, two cases of different control gains are chosen
as tabulated in Table III. Since paramters of two DICs are
identical, droop control gains are set as kp2 = kp3 = kj, and
kqo = kg3 = ky.

The experimental results in Figures 7 - 10 show the corre-
sponding active power and the reactive power outputs of two
DICs. From Figure 7 and 8, it is clear that the P — f/Q — V
droop control method is feasible for regulating the power
sharing between two DICs in practice. At first, the active
power and the reactive power is supported by DIC' solely and
DIC5 does not generate any power. When the droop control
for DIC5 is enabled, DICY5 starts generating power and the
power outputs of the two DICs are redistributed.

In case 1, as the control gains are small enough, the two
DICs share active power evenly under steady-state (approxi-
mately 267 Watts). Since restoration mechanism for the term
V is applied, the reactive power is not been shared evenly
by the two DICs under steady-state (DIC5 = 377.4V AR,
DICy = 125.7V AR). In case 2, as one of the control gain
kq is nearer to the value of 6.5 x 1072, it is to find that
the power sharing between the two DICs has weak damping
behavior. This weak damping behaviour indicates that the roots
are very nearer to the imaginary axis of the complex plane.

V. CONCLUSION

In this paper, a model for multiple DICs connected in
a MG is presented first. An efficient method for construct-
ing a reduced order MG has been extended for DICs with
P—f/Q- V droop control. The closed-loop transfer function
characteristic equation is obtained under mild assumptions and
this the poles and zeros of the plant model are be obtained.
These line impedances between the DICs and droop control
gains produce a high impact on the location of poles and zeros
on the complex plane and thereby the stability of the entire
system. The root locus method is explored for proper tuning
of the droop gains. By observing root locus of varied control
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gains, the stability limits of the plant model are examined.
Both simulation studies and experimental results show the
correctness of the proposed analysis.
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