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ABSTRACT The basic objective of microgrid primary control is to preserve microgrid stability. On the other
hand, microgrid secondary control has been proposed for ensuring reactive power-sharing and restoring the
frequency and voltages of the microgrid. Therefore, this paper presents a complete model for evaluating the
combined impact of primary and secondary control actions on microgrid domain of stability since the impact
of the secondary control design on the domain of stability of the microgrid has not been addressed. Further,
the developed model is used to assess the impact of reactive power-sharing, secondary controller design
parameters, and communication delay on the domain of stability of the microgrid. The domain of stability
is a supportive tool for determining the stable operating range for different microgrid droops. Simulation
results have been obtained to validate the developed model and the domain of stability analysis. These results
demonstrated that secondary control actions have a significant influence on the domain of stability of the
microgrid, and thus it is important to consider the secondary control design in the determination of the
microgrid’s stable range. Moreover, it has been demonstrated that primary control gains can be severely
constrained by reactive power sharing gains.

INDEX TERMS Secondary voltage control, frequency control, secondary control, small signal analysis.

NOMENCLATURE w Microgrid frequency.

DG Distributed generator. @n No load frequency.

SSM  Small signal model. Vi No load voltage. ,
RPS Reactive power sharing. Awps  Secondary frequency control action.

DOS Domain of stability. AV Secondary Vqltage control action.

IBDG Inverter-based distributed generator. T Communication delay. )

LHS  Left hand side. ks Secondary frequency gain.

PD Proportional-derivative controller. kys Secondary voltage gain.

PI Proportional-integral controller. kqs Rea.ctwe power sharing gain.

mp Active droop gain. P Active power.

ng Reactive droop gain. Q Reactive power.

kaq Reactive derivative gain.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and Renewable energy sources are widely used worldwide to

approving it for publication was Nagesh Prabhu . produce electricity due to their economic and environmental
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FIGURE 1. Schematic diagram of the microgrid model.

advantages [1], [2]. Moreover, the incorporation of dis-
tributed generation (DG) has been growing widely in the past
few years as they provide several technical and economic
benefits for both customers and distribution networks’ opera-
tors [3]. Microgrids present the building blocks of active dis-
tribution networks as per IEEE standard 1547.4. A microgrid
can operate in two different forms: autonomously (islanded)
and in connection with the grid [4], [5]. In the autonomous
mode, the microgrid’s main goal is to continuously supply
loads while controlling the voltage and the frequency within
the microgrid at acceptable levels [6]. The main challenge
of the islanded microgrid is to maintain microgrid stability
during normal and abnormal conditions. However, in the grid-
connected mode, the microgrid absorbs/injects reactive and
active power from/into the main grid [1] and [7].

Hierarchical control is made up of three control layers:
primary, secondary, and tertiary. The controller in the primary
control layer is responsible for improving the transient
performance, sharing equal active power across all DGs, and
stabilizing the voltage and frequency [1]. Droop controller is
the most common approach used in this layer [9], [10]. The
controller in the secondary control layer is responsible for
removing the offset in the voltage and frequency caused by
the primary controller [11], [12]. The controller at the tertiary
layer is responsible for managing the flow of power between
the main grid and the microgrid [6].

Stability of the microgrid mainly depends on the design
of the power controller’s droop gain [13], [14]. In [13], it is
shown that, through a detailed model, the droop controller of
an isolated microgrid is the main controller that determines
the dominant pole and thus, it is consequently the main
parameter that decides the stability of the microgrid. In the
literature, several methods have been proposed that introduce
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modifications to the structure of the droop controller to
enhance the microgrid stability. In [15], a power filter is opti-
mally designed considering the traditional droop controller
to improve the microgrid stability. In [16], cascaded lead
compensators are proposed for the active droop to enhance
the microgrid stability. The microgrid stability enhancements
are assessed considering the addition of one, two and
three compensators. In [17], decentralized adaptive controller
is proposed for the reactive and active droop controllers.
The proposed controller improves the transient performance
and the microgrid stability significantly. In addition to
adaptively varying the droop gains, the method proposed
the use of a proportional-derivative (PD) for the droop
controller to enhance the transient performance, and the
enhancement in stability is assessed through small-signal
model (SSM) analysis. All the above methods focus on
microgrid primary control for evaluating the microgrid
stability.

For the secondary controller, the main target is to regulate
the frequency and voltage to their rated values [18], [19], [20].
In [6], the secondary controller decision for voltage and
frequency regulation depends on the feedback signals from all
DGs. In [18], a cooperative secondary voltage and frequency
control strategy are introduced by utilizing an event-triggered
approach. This approach depends on the measurement error
to produce the control event to maintain the frequency and
voltage. In [19], a secondary control structure is introduced
for voltage restoration and precise power allocation in
islanded microgrids. The proposed secondary controller is
designed based on a PI controller to maintain the bus voltages
at their rated values. In [20], a nonlinear robust voltage
controller is introduced to enhance the bus voltages in the
islanded microgrid. Recent work analyzed the influences of
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FIGURE 2. Detailed structure of the proposed controller (a) primary control structure (b) secondary control structure.

communication delay on the performance of the secondary
controller. A relationship between the secondary frequency
control parameters and the delay boundaries is obtained [21].
In [22], a tradeoff-based controller for voltage restoration and
reactive power sharing (RPS) is discussed, where it has been
shown that the higher integral gains would yield fewer delay-
dependent stability. In [23], the voltage and power sharing
of DGs is improved using a predictive voltage hierarchical
controller. In this paper, the primary controller is designed
with an inner-loop robust control, ensuring reliable voltage
tracking. Further, a predictive controller is developed to
provide local and neighbor forecasts.

All the aforementioned methods for assessing the impact
of secondary control either: 1) utilize a simplified small-
signal stability model to evaluate the influence of secondary
control on time-delay while neglecting the impact of the
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interaction between primary and secondary droop gains,
or 2) do not take into account frequency, voltage, and
power-sharing as secondary control functions simultaneously
in the overall analysis. This paper aims to fill this gap
by developing a generalized and detailed integrated SSM
that incorporates both primary and secondary controllers to
assess the impact of the combined primary and secondary
gains on the microgrid domain of stability (DOS) taking
into consideration the communication delay produced by
secondary control. The secondary control model includes
voltage and frequency restoration as well as controlling the
RPS. Furthermore, the influence of the secondary controller
gains on the microgrid stability is studied using the investi-
gated SSM, considering the influence of the communication
delay. Lastly, the effect of the secondary controller gains, the
communication delay, the RPS gain on the stability domain
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considering the proportional derivative reactive controller
are studied. Interesting results regarding the influence of
the secondary controller gain on the microgrid stability are
obtained. Further, very supportive stability domain charts
for RPS and the secondary controller gain are obtained.
The stability domain results are verified through repeated
dynamic simulations using MATLAB/SIMULINK.

This paper is arranged as follows. In the next section,
a complete SSM of the combined secondary and primary
control is developed. Model analysis using eigenvalue of the
integrated SSM and its influence on the DOS is examined
in Section III. Different simulation scenarios to validate the
eigenvalue analyses are discussed in Section I'V. Conclusions
are stated in Section V.

Il. INTEGRATED PRIMARY AND SECONDARY
SMALL-SIGNAL MODEL

The integrated SSM incorporating both primary and sec-
ondary controllers for islanded microgrids is presented in this
section. The developed SSM includes the active power gain
and the proportional derivative reactive power droop for the
primary control layer, the PI controllers for the frequency
and voltage regulation at the secondary control level, the
RPS controller and the impact of the communication delay
produced by transfer the no-load frequency and voltage to
the DGs. The detailed structure of the primary and secondary
controllers of the used microgrid is shown in Fig. 1. The
microgrid model under consideration has three DGs, as seen
in Fig. 1. The active and reactive droop controllers are
used to implement the primary controller. The microgrid
frequency and the DG voltages must be measured for the
secondary controller, which is implemented as a PI controller.
The mathematical model for both primary and secondary
controllers for inverter-based DG (IBDG) microgrids is
presented in the next subsection. The integrated SSM of the
overall microgrid is obtained in the following subsections.

A. PRIMARY CONTROL MODEL

In this subsection, the primary control model incorporating a
PD reactive power droop controller for the IBDG discussed
in [24] is summarized. The main modifications between
the primary controller presented in this paper and the
primary controller given in [24] is in introducing two
terms in the speed and voltage equations to take into
consideration the secondary controller effects. As a result, the
updated equations and matrices are developed for the power
controller, along with how they affect the overall microgrid
model. The complete details of the current controller, voltage
controller, power controller and LCL filter are stated in [24]
and referred to with the same notation in this paper. The
primary control structure is shown in Fig. 2 a.

The power controller objective is to stabilize the operating
frequency and voltage of the IBDG microgrid. Traditionally,
this can be attained using the active droop gain (mp) and
reactive droop gain (ng). In this paper, a PD controller
with proportional and derivative gains of (n,) and (kg),
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respectively, is used instead of the reactive gain. It has been
shown in [24] that a PD for reactive power control has a much
more profound effect on enhancing the stability margin in
comparison to the PD active power control. Therefore, the
droop equations can be written as follows.

w = w, — mpP
d
Ve = Vi — g0 — kdd—(f )

* —_—
Vog =0

where V,, w,, o, Q, P and vqu are the no-load voltage,
no-load frequency, operating frequency, reactive power,
active power, and the reference output voltage in dq frame,
respectively. In the primary layer, the no-load frequency and
voltage are constant at the rated values. However, in the
secondary layer, the no-load frequency and voltage are varied
to keep the operating voltage and frequency at their rated
values. In this paper, the droop equations are modified to
include the secondary control actions as follows:

w = wy + wys — mpP
Vo = Vi Vis = 1gQ — ka—~ 2
Vog =0
where Vs and w,; are the required modifications in the
voltage and frequency produced by the secondary control
to operate the microgrid at V,, and w, at steady state,
respectively. The droop equations given in (2) are linearized
around the operating point as follows:
Aw = Aw,; — mpAP
x do
Avy; = AVys — ngAQ — deE 3)
Av:q =0
With the same procedure given in [13] and [24], the SSM
of the power controller can be obtained as follow:

= Ap [x1]+ Bp [x2] + BPwcom [Awcom]

+Bpwns [Awns]
C D 4
Aw U EP S I N Y @
AV = Cpy Dp,
odq +Bpyns [Awns] + Bpyns [AV 5]
where
A8 Aijgg —1
x1=| AP |, x= AVodq » Bpweom = 0
B AQ Aiodq 0
1 0
00 —ng + wck
BPwns= 0 »BPvns: 1 vCPv=|:OO q 0 ¢ d]
0 0

Ap, Bp, Cpy,, Dp,,, and Dp, are defined in [13] and [24].
By combining the modified power control loop equations
given in (4), the voltage control loop, the current control loop
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and LCL filter, which given in details in [13], the inverter
model can be written as follows:

Aimvi [ AXimyi] + Binvi [ Avpoi]

+Bpweomi [Aweom]

+Bpyusi [AV nsi] + Bpwnsi [Awpsi]

Cinvwi 1
AXinyi] + + AN
sz 3 [ CanCl} [ lVlVl] [O} [ HSI]
Aiopoi n

[Axinvi] =

Bpynsi AVl
(%)
where Ax;,; consists of 13 states and definqd as
AXimi = [X1 ADagiAY 4221 Vaq = ldg =) g and @4, =
:dq a Vodq'
i 0
Bpynsi = BuiiBpom Bpynsi

Bc1iDy1iBpynsi
| Brer1iDetiDy1iBpunst | 115

B BPwns
1 i| 0
= s Bpwnsi =
_O 1x2 0
Brersi {413

The remaining matrices given in (5) are defined in [13]
and [24].

B. SECONDARY CONTROL MODEL

In this subsection, the effect of the secondary controller on the
SSM is discussed. The main target of the secondary control is
to produce the change in the no-load variables w;s and Vs to
fix the microgrid frequency and voltages at their rated values
at steady-state and control the RPS. For secondary frequency
regulation, a PI controller is designed to keep the signals
(w — wy) at zero value at steady state. For secondary voltage
control, a tradeoff PI controller is designed to either maintain
the microgrid voltage or to control the RPS by keeping the
signal (v}, — V,) at zero value on steady state as in [22].
The output of these controllers (w,s and V,;) are added to the
droop equations given in (2). These outputs will be transferred
to all DGs with a communication delay of (r) which can be
represented in the continuous time domain by e~ **. The block
diagram that describes the secondary controller structure is
drawn in Fig. 2b.

The primary control modeling equations given in (5)
are in-terms of the secondary control variables Aw,s; and
AV 5. In order to develop the overall microgrid model, the
secondary control modeling equations are formulated based
on the block diagram given in Fig. 2b. as follows:

X3 = kys(w, — w)

X4 = ks (Vo = Vi) — kgs(—201 + 02 + 03)
&5 = kus (Vi — Voan) — kas(—202 + Q1 + 03)
X6 = kus (Va — Vig3) — kgs(—203 + Q1 + Q1)

(©)
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where ks, kg, and ky are the secondary reactive sharing, fre-
quency, and voltage gains, respectively. As shown in Fig. 2b,
the secondary frequency control requires a measurement
of the microgrid frequency, which is compared with the
reference frequency, and an integrator is used to eliminate the
steady state error, followed by the communication network to
send the change in the no load frequency. On the other hand,
the secondary voltage controller requires the measurements
from the DG voltages to regulate the DG voltages or the
measurement from the reactive power to improve the RPS.
The SSM of the secondary states (x3, x4, x5 and x¢) produced
by the secondary controller can be written using (3) and (6)
as follows:

[ Aty = —ks(Awnst — mpAPY)
' —kysAVps1 — kysDys1x2
+(kvan — kyskgwe — 2qu)AQ1
l +kqs (AQ2 + AQ3)
—kys AVps2 — kysDysaxo
+(kvan — kyskqgwe — qus)AQZ
l +kqs (AQ) + AQ3)
—kys AVps3 — kysDys3x2
+(kvan — kyskqwe — qus)AQ3
+kqx (AQ1 + AQr)

Axg =
(7N

Axs =

AXxg =

where Dyi = kqwe [0 0 Logi —Iogi —Vogi Voai | and i is the
DG number (i = 1 or 2 or 3).

As discussed earlier and shown in Fig. 2b, the output
of these PI controllers is transferred to the DGs through
a communication network. The communication network
mainly represented by ¢~ * (z is the communication delay).
Hence, the secondary control variables Aw,,; and AV for
all DGs can be written as follows:

Awpsi = e P x3(s)
AV 51 = e " x(s)
AV, = e P xs(s)
AV s = e xp(s)

®

In the literature, several methods approximate the commu-
nication delay in the continuous time domain based on bade
plot analysis [25]. The most common approximation used in
the literature is based on the Taylor approximation. As given
in (9), the communication delay can be approximated by a
first-order system that consists of one pole and one zero.
Hence, by using this approximation, the secondary modeling
equations given in (8) can be rewritten as follows:

2—1s
Awpsi = mxa(s)
AVt = 2= % 04(s)
nsl = 4
PR ©)
AVnsZ = 2t 'L’SXS(S)
2—1s
AVns3 = 2+ TSXG(S)
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By converting the secondary communication delay equa-
tions given in (9) into time domain equations using Laplace
inverse, this leads to:

. 2 2 .
Awpsi = —Xx3 — —Awysi — AX3
T T
. 2 2 )
AV = ;X4 - ;Avnsl — Axg
; (10)

. 2 .
AV = —x5 — =AVy — Axs
T T

. 2 2 .
AV = ;x6 - ;AvnsS — Ax¢

By substituting (7) into (10), the secondary control time
domain equations can be written as:

2 2
. —X3 — — Awps;
Awpsi =1 1 T

+kys(Awys1 — mpAPY)

2 2
—X4 + (kvs - _)Avnsl
AV =17 ‘
nsl = _kquQZ - kquQ3 + kysDys1x2
_(kvan — kyskqwe — 2kqs)AQ1
[ 2 2 (11)
;XS + (kvs - ;)AvnsZ
AVinsa = | _kquQl - kquQ3 + kysDysoxa
_(kvan — kyskqwe — qus)AQ2
2 2
—X6 + (kvs - _)AvnsS
AV T T
ns3 _kquQl - kquQZ + kysDys3x2

_(kvan — kyskawe — qus)AQ?a

C. COMBINED PRIMARY AND SECONDARY MODELS

In order to obtain the complete model of the inverter, the SSM
given in (5) is combined with the secondary control SSM
givenin (7) and 11). As discussed in subsection II-A, each DG
has 13 states. From the analysis provided in subsection II-B,
the overall microgrid states are increased by ten states. Hence,
the three distributed generators in the microgrid under study
contain 49 states. The overall inverter model can be written
as follows:

[ [Axmvv] = Ay [Axivv] + Bivy [Avepg] (12)

[ AiODQ] = Civve [Axivv]
where the matrices used in (12) are defined in the appendix.

D. COMPLETE MICROGRID MODEL

The complete SSM of the microgrid can be written by
modeling the microgrid network and load. For brevity, the
complete details for modeling the network and load are given
in [13]. The differential equations of the load (Ai;,qapp) and
network (Aijzepg) currents in the dg frame can be written as
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follows:
Aijinepo = AxprAilineno + BINETAvbpo
+BoNETAW®

Alloadpo = ALoad AiLoadpo + B1Load Avbpo
+Boroad Aw

(13)

where Aw = Awcom, BINET, BoNET, ANET, ALoad B1Load.
and Bjroaq are the network mode matrices and defined
in [13]. The SSM of the bus voltage can be written as follows:

Avppo
= Ry {Minv DNiopo + Mioad Nitoaano + Mnet Aiinepo
(14)

where the matrices My gag, and Mnet, Minv map the loads,
lines, and the DGs connection points to the nodes, respec-
tively. Ry is a large virtual resistance. The complete
microgrid model can be written by combining the SSM given
in (12), (13) and (14).

Axiny Axiny
Allinepg | = AMG | AllineDo (15)
AllpadDQ AllpaaDQ

For brevity, the matrices MiNv, Mnet, and Mpoag are
provided as in [13]. The complete microgrid matrix Apmg is
constructed as given in [13] with the modified inverter SSM
given in (12).

Ill. EIGENVALUE STABILITY ANALYSIS

In this section, the proposed integrated SSM is assessed
based on the eigenvalues analysis considering various cases
to assess influence of secondary controller gains on the
microgrid DOS. The first case represents the benchmark
case where the DOS is obtained considering only primary
control. The second case study analyzes the influence of the
secondary control gains of the microgrid DOS, considering
only frequency and voltage regulation as the only available
control actions. The third case study examines the effect
of equal RPS as a secondary control measure on microgrid
stability. The last case study analyzes the effect of the
communication delay on the microgrid performance and
stability. The controller parameters used for stability analysis
in the aforementioned cases are summarized in Table 1. These
cases are performed for the IBDG model plotted in Fig. 1 with
the parameters presented in Table 2. Further, the eigenvalues
analysis is based on the SSM given in (15) and verified using
a SIMULINK/MATLAB model.

A. BENCHMARK CASE WITH PRIMARY CONTROL ONLY

As mentioned earlier, the primary control is designed such
that active power controller is equipped with a proportional
gain while a PD controller is implemented for the reactive
power controller. In this case study, both transient and
stability analyses are assessed considering only primary
control, representing the base case. From the SSM analysis,
the influence of the derivative gain on the dominant pole
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TABLE 1. Controller parameters used for stability analysis for all cases.

Cases m, range kg Kys) Keos kgs T
IL.A 1.9 x107°- 0,5 x 0 0 0
11.5x 107* 1075,107*
1I1.B 1.9%x 107° — 107* 0, 50, 0 0.02
81 x 10™* 100
I1.C 1.9%x 1076 — 107 kos =50 | 0,0.2 0.02
81x107* koo =0 | .04
1L.D 1.9e7° - 8e™* 107* 5 0 0.02, 0.1,
03,04
TABLE 2. Parameters of microgrid under investigation.
Parameter Value Parameter Value
R¢ 0.03 Lioad1s Lioadz 0.le-1
Lc 0.35¢-3 Rioad1, Rioaaz 25
Cr 50e-6 W, 31.41
R 0.1 F 0.75
1% 1.35e-3 Kpe 10.5
Riinez 0.35 ki 16e3
Line> 1.85e-3 ki 390
Riine1 0.23 kpy 0.05
Llinel 0.35e-3
150
100 r 1
501
2 5 + k,=0.0001
S 0 #+0r808 0 k,=0.00005
© @
£ % * k70
- 50T
-100 1 1
-150

-20 -10 0 10 20 30 40

FIGURE 3. Dominant pole variations with kg.

location as mp varies from 1.9x 107% to 11.5x107% at
constant nq (1.3x 10’3) is shown in Fig. 3. It is shown that
the dominant pole location approaches jw axis faster when
the derivative gain kq = 0 (no derivative term). Increasing the
derivative gain to 10™* moves the dominant pole far from
the jw axis toward the LHS, which improves the microgrid
transient performance.

The stability domain chart in Fig. 4 shows the maximum
allowable active power droop (max. myp) at different values
of the reactive power droop gain (nq) for kg = 0, 5 x 1073
and 10~%. All combinations of (ng, mp) within the stability
domain chart ensure microgrid stabile operation. As shown
in Fig. 4, the stability domain increases significantly when
using the derivative gain in the reactive power droop and
thus, if considering only primary control, the PD reactive

44460

-3
AD. 2 X1O T T T T
£ —-—-kd=0.0001
x
@ vennnnn k= ]
£ kd 0.00005 ’.’o 1
E 1.5 —k,=0 L’ 1
0 P |
o - [
o 1L ..'” !,
) +
= — “.‘-“'E I
-t; [ .‘.v‘ ' [
« uo".‘. - l
E 0.5 Pravspurassers®” : 1
2 : -
: !
= 0 ‘ J

0 0.005 0.01 0015 002 0025 003
Reactive droop gain (nq)

FIGURE 4. DOS at different k.

150 T
* k=0 M
100 + k=50 i
x k. =100
> 50 - XxxxW
©
= * -
> 0% w ¥ * * * * -
E o} ’ XXXXM 1
-100 1
x
-150 . . a3
-20 -15 -10 -5 0
Real

FIGURE 5. Dominant pole variations with secondary control gains.

%1073

- =k, =0

N

——k =50

—k, =100

N
(8]

\

o
o
T

oy oy
1 3

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Reactive droop gain (nq)

Maximum active droop (max mp)
1
\
[}
\
A

o

FIGURE 6. DOS for different secondary control gains.

power droop with a derivative gain of kg = 10™* would be
the best option. The stability domain chart, given in Fig. 4,
corresponding to primary control with kg = 107%, will be
used as the base case for the comparative analysis presented
in the next subsections.

The DOS chart and eigenvalue analysis presented in

Fig. 4 and Fig. 3, respectively, confirm the fact of the
PD controller for enhancing transient performance. This is
achieved by moving the system’s eigenvalue towards the LHS
of the jw axis.
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B. SECONDARY CONTROL WITH VOLTAGE AND
FREQUENCY REGULATION

To assess the impact of the secondary controller gains on the
stability domain, the variations in the dominant pole location
and the stability domain chart are plotted in Fig. 5 and Fig. 6,
respectively. The integrated primary and secondary control
model proposed in the previous section is implemented. The
analyses are carried out with a communication delay (7) of
20 msec. The frequency secondary gain (k,s) and voltage
secondary gain (kys) are both set to the same value. Fig. 5
depicts the variation of the dominant pole location when m,,
varies from 1.91 x 07° to 81 x 0~*. As shown in Fig. 5,
the effect of three different secondary gains is studied at a
constant ngq of 1.3e3, and the RPS is disabled. It is worthy
to note that, at mp = 8x 104, the dominant pole is placed
on the jw axis when the secondary gains are equal to zero
(no secondary control is included). Furthermore, for the
same active power droop, a better dominant pole location
is achieved using a secondary control gain of 50. Hence,
Fig. 5 shows that the secondary gains significantly affect
the dominant pole location and, therefore, the microgrid’s
transient performance. To elaborate further, Fig. 6 shows
the stability domain chart considering different secondary
controller gains. As shown in Fig. 6, the secondary controller
gains directly affect the stability domain of the microgrid.
Increasing the secondary control gain affects the primary con-
trol operating region (dotted black line). Hence, the selection
of the secondary gains in combination with the primary gains
is very important for the better and more robust operation of
microgrids.

C. IMPACT OF REACTIVE POWER SHARING GAIN ON
MICROGRID STABILITY

In this case study, the secondary control is designed to provide
frequency regulation and RPS. The influence of the reactive
RPS gain (k) on the microgrid stability is presented in
Fig. 7. As seen from the stability domain chart, it significantly
affects microgrid stability. It is also noted that the RPS gain
moves the DOS curve right and thus narrowing the operating
region for the primary control reactive power droop gain. This
means that in order to maintain the microgrid stability with
RPS improvement, the reactive power droop gain (r,) should
be increased to be within the stable operating region. Thus,
the selection of ny is critical for maintaining stable operation
with RPS.

Furthermore, the influence of the RPS gain on the
dominant pole location is analyzed. The variation of the
dominant pole for the operating points on line A, shown in
Fig. 7, is plotted in Fig. 8. For k;s = 0, the dominant pole of
all operating points on line A is located in the LHS of the jw
axis. Further, for k,s = 0.2, some of the operating points is
unstable. Furthermore, for ks = 0.4, all the operating points
of line A are unstable. These analyses verify the stability
domain chart shown in Fig. 7.
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kos = kys = 5.

D. IMPACT OF TIME DELAY ON MICROGRID STABILITY

Communication delay between the central unit and DGs
is one of the main factors that could affect microgrid
stability. The impact on the dominant pole location and
stability domain chart for different communication delays are
presented in this subsection. Fig. 9 shows the variations of
the dominant pole with four different communication time
delay (7). The analysis is performed at ks = kys = 3,
kgs = 0,ng = 1.3e73. As shown in Fig. 9, the dominant pole
location is in the LHS of the jw axis for a communication
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FIGURE 10. DOS for different communication delay at ks = kys = 5.

delay of 20 msec., 100 msec., 300 msec. and 400 msec.
for m, ranging from 1.9¢7¢ to 8e™*. It is shown that for a
communication delay of up to 400 msec., the microgrid main-
tains stable operation for the same maximum active power
droop (mp = 8e~*). However, better transient performance
can be achieved by decreasing the communication delay as
the dominant pole moves toward the jw axis by increasing
the communication delay. Hence, higher communication
delay leads to reduced transient performance and results in
a reduction in the DOS. The DOS charts that support the
analyses of the dominant pole variations are shown in Fig. 10.
It is also noted that decreasing the secondary gains maintains
the microgrid stability with higher communication delay and
vice versa.

It is also noted that the obtained results confirmed two
control facts. The first fact is that higher communication
delays lead to poor performance. The second fact is that
in order to maintain the system’s stability with higher
communication delays, a control action needs to be non-
aggressive, which can be achieved by reducing the controller
gain.

IV. SIMULATION RESULTS

Simulation results are performed to validate the eigenvalue
analyses of the two-level controllers discussed in section III.
Three simulation scenarios are tested. In the first case study,
the impact of the secondary controller gains for frequency
and voltage regulation on microgrid DOS is analyzed.
In the second case study, the impact of equal RPS through
secondary control is simulated and verified against the
results presented in section III. In the third case study, the
influence of secondary controller communication delays on
the microgrid DOS is discussed.

A. SECONDARY CONTROLLER WITH FREQUENCY AND
VOLTAGE REGULATION

In this study, the impact of the secondary controller on
the microgrid DOS is analyzed. For this case study, the
secondary controller is designed to perform frequency regu-
lation and voltage regulation. Two different operating points
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FIGURE 11. Active power of the three DGs for operating points V and W.

(W and V) shown in Fig. 6 are considered for the same
secondary controller gains (k,s = kys = 100) and
v = 20 msec. The main difference between the two operating
points is the value of reactive droop gain (ng). In this test,
the microgrid operates with primary control only for the first
3 seconds. The secondary controller is activated at t = 3 sec.
The active power sharing response is shown in Fig. 11. Prior
to activating the secondary controller, both points W and V
result in a stable operating condition. Once the secondary
controller is activated, the results show that the operating
point W maintains the microgrid stability while the operating
point V leads to instability. Further, the microgrid frequency
and bus voltages of the operating point W are shown in
Fig. 12 and Fig. 13, respectively. As seen from these figures,
the secondary controller maintains the microgrid frequency
and voltages at their rated values. The results coincide with
the stability domain chart shown in Fig. 6 and highlight the
influence of the secondary control gains of the microgrid
DOS. For secondary control with frequency and voltage
regulation, higher value of reactive power droop gain can lead
to microgrid instability.

B. SECONDARY CONTROL WITH REACTIVE POWER
SHARING

In order to validate the impact of the RPS controller gain
on the microgrid DOS, the performance of the proposed
controller is verified at kqs = 0.2 for two different operating
points (X and Y) shown in Fig. 7. The two operating points
have the same parameters except for the reactive power droop
gain. In this test, the microgrid operates with the secondary
controller performing both frequency and voltage regulation
for the first 2 seconds. The RPS is activated at t = 3 sec. Based
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FIGURE 14. Active power-sharing of the three DGs for operating points X
and Y.

on the stability domain chart shown in Fig. 7, the operating
point X is stable while the operating point Y is unstable. The
active power sharing responses of the two operating points
are shown in Fig. 14. The RPS results coincide with the
results obtained from the stability domain chart shown in
Fig. 7. Further, the RPS response for the stable operating point
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FIGURE 16. Microgrid frequency for operating point X.

X is shown in Fig. 15. As seen from Fig. 15, for the first
2 secs., the DGs are sharing the reactive power unequally
while both the frequency and voltage are regulated, as seen
in Fig. 16 and Fig. 17. However, after activating the RPS
“gain (kg)", the three DGs are supplying approximately
the same reactive power. Further, the microgrid frequency
is kept at the rated value irrespective of the activation of
the RPS controller, as shown in Fig. 16. However, the bus
voltages are slightly different, as shown in Fig. 17. The results
show that a secondary controller with RPS can adversely
affect the microgrid stability. Contrary to the previous case,
lower reactive power droop gains can lead to microgrid
instability. In general, the results show that secondary control
design can significantly impact the microgrid stability and the
DOS serves as a advantageous tool for recognizing the best
combination of primary and secondary gains to achieve stable
operation.

C. IMPACT OF COMMUNICATION DELAY

For this case study, the impact of communication delay
on microgrid stability and the design of the primary and
secondary controller are investigated. The primary control
gains correspond to Point Z in Fig. 10. The secondary
controller gains are set at kys = ks = 5 and communication
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FIGURE 18. Microgrid frequency for operating point Z considering
different communication delays and secondary controller gains.

delay values of 0.3 and 0.4 sec are considered to examine
the impact of communication delay on microgrid stability.
From brevity, Fig. 18 presents the microgrid-grid frequency
for the two aforementioned communication delays. As can
be seen, a higher communication delay can affect the
microgrid stability, and the results coincide with the DOS
chart presented in Fig. 10. An additional case is simulated and
presented in Fig. 18 where a higher secondary gain of kys =
kes = 20 is utilized considering a communication delay of
0.3 sec. As shown in Fig. 18, for the same communication
delay of 0.3 sec, the lower secondary controller gain of
kys = 5 maintains the microgrid while a higher secondary
gain of ks = 20 can result in microgrid unstable operation.
Therefore, to maintain the microgrid stability at higher
communication delay, the secondary controller gains should
be reduced.

The results show that the DOS chart can serve as a
helpful tool for deciding the best combination of primary and
secondary gains while considering communication delays.
Table 3 provides a summary of the simulation scenarios.
Two operating points are chosen to be examined for each
simulation scenario, as illustrated in Table 3. The first
operating point for each of the three scenarios (W, X and
Z at T = 300) is chosen to be inside the associated
DOS. The results showed that the microgrid was stable at
these operating points. Nevertheless, the second operational
point (V, Y and Z at T = 400) is chosen to be outside
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V. CONCLUSION

This paper proposes a small signal model that consid-
ers the influence of the secondary controller gains, the
communication delay, active power droop gain, reactive
power droop gain, and reactive power-sharing. The proposed
model is used to evaluate the influence of the secondary
controller gains, reactive power-sharing, and communication
delay on the microgrid domain of stability. The results
show that secondary controller gains can adversely impact
the microgrid stability and, more significantly, the primary
reactive power control. The extent of the impact of secondary
control on the microgrid domain of stability will also depend
on the secondary control objective. It has been shown that
secondary control with the objective of providing reactive
power sharing can lead to instability with low primary control
reactive power gains. Furthermore, the impact of secondary
control can be minimized by reducing secondary control
controller gains. The domain of stability chart can provide a
useful tool for designing both primary and secondary control
while considering communication delays.

APPENDIX
The matrices stated in equation (12) are defined as:
Binvl 0 0
0 0 0
0 BinvZ 0
0 0 0
Bnv =] 0 0 Biny3 ,
0 0 0
0 0 0
0 0 0
L 0 0 0 J449x6
Avppol
[Avepo] = | Avinga |+
| Avbpo3
Ay 0 0 Au
Ay = Ay Ax Ay Ay
A3z A Az Ay ’
| Aa A A 0 Jaoxa9
BchomZCinvwl Bchom2 0
A21 = _Aws kws 0 s
i —Ays 0 0
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