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Abstract—This paper examines closed-loop stability of a radial
microgrid with nine controllers. The microgrid is equipped
with heterogeneous generation sources which can operate in
parallel (in grid connected, backfed, or networked mode) or
independently (in partially or fully islanded mode). Feeder 1
comprises a diesel generator (DG) and feeder 2 comprises a
droop-based grid forming (GFM) inverter. A linearized state-
space model is used to determine how gain choice affects stability
of the full-order system throughout seven distinct topological
modes with various controls enabled. Controls include regulation
of frequency, voltage, active power, reactive power, and the
synchronization of islanded feeders to the grid/one another. The
linearized state-space model encompasses all possible controls in
all possible modes, and is used to (numerically) examine regions
of stability/instability.

Index Terms—microgrids, control system design, gain selection,
stability analysis, controller hardware in the loop.

I. INTRODUCTION

M ICROGRIDS are often required to be operationally
flexible and operate in different modes/topologies such

as grid connected, islanded, networked, or backfed mode.
Additionally, microgrids often have the added complication
of having heterogeneous generation such as diesel generators
(DGs) and grid forming (GFM) inverters that must operate
in parallel. A suite of controllers is generally responsible for
seamlessly transitioning between modes as well as regulating
voltage and frequency. Therefore, it is imperative to choose
stable gains for each of the modes in which the microgrid
can operate and a multitude of possible controls that may or
may not be active at a given time. However, it is difficult to
tune controllers and determine regions of stability for such
nonlinear and multi-mode systems.

In order to showcase our approach, we adopt, as a starting
point, the Banshee microgrid, a radial three feeder hetero-
geneous microgrid [1], which we emulate using high-fidelity
component models in real-time in a controller hardware-in-the-
loop (C-HIL) environment. To simplify the developments, we
examine an abridged version of Banshee comprising feeders
1 and 2 of the original system. The two-feeders can be
connected to one another in various topologies that we call
modes, and the system comprises a suite of nine controllers.
These controllers ensure seamless transitions between modes
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and regulate key quantities in the system such as frequency,
voltage, active power, and reactive power. In order to analyze
stability of the system and its numerous controls and choose
controller gains, we derive a linearized state-space model of
the abridged system. This in turn helps us tune the gains of
the high-fidelity model emulated in the C-HIL lab.

While many recent works have examined secondary fre-
quency and secondary voltage control within microgrids,
works that examine islanding and re-synchronizing feeders
from/to the grid are less common [2]–[6]. Furthermore, while
some works specify that the controls for the system must be
tuned, and/or give simple conditions on stability [5], [6], they
do not discuss how the controls are tuned. However, in [2]
the authors present an optimization-based control algorithm
when the microgrid is islanded or grid connected. Based on
our literature review, and to the best of our knowledge, limited
work has been done on tuning microgrid controllers across
multiple modes such as those we present here.

II. SYSTEM MODELS

In this paper, we adopt the Banshee system—a radial
three-feeder microgrid that “resemble[s] emerging microgrids
around the world, making it a comprehensive benchmark to
evaluate microgrid performance” [1]. In this section, we first
present an abridged version of the complete Banshee system
comprising feeders 1 and 2 of the original system. Then we
present a linearized model used to analytically tune controller
gains for the full-order system model.

A. The Abridged Banshee System

Figure 1 depicts an abridged version of the Banshee micro-
grid, that comprises feeders 1 and 2 of the original three-
feeder system, which was introduced in [1]. This model
includes the bulk grid modeled as an infinite bus, 17 buses,
11 constant impedance loads totaling 5,070 kVA, 33 CBs,
3 Schweitzer Engineering Laboratory (SEL) relays, and 2
generating resources. Each of the three SEL relays controls
a CB (CB000, CB100, CB200), and CB000 is the point of
interconnection (POI) with the grid. The status of certain CBs
is normally open (NO), while the status of others is normally
closed (NC), as identified in Fig. 1.

A high-fidelity model of the Banshee system is implemented
on Typhoon HIL real-time hardware devices, and comprises
detailed generator models, which are based on those in [7].
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These models include inner current and outer voltage control
loops, LCL output filters, and primary control schemes. The
diesel generator (DG) on feeder 1 has a capacity of 4,000 kVA,
and is modeled using the GENTPJ model—a reduced-order
two-axis model of a round rotor salient pole generator [8]. The
GFM inverter on feeder 2 is droop-based and has a capacity
of 3,000 kVA.
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Fig. 1: An abridged two-feeder version of the Banshee
microgrid. Normally open CBs are striped green, and

normally closed CBs are red.

B. Linearized Model

Our suite of controls can be used to open and close certain
CBs in the system, changing the mode and system topology
as seamlessly as possible. Additionally, the suite of controls
has intra-mode controls such as active power tie-line control
and frequency regulation. However, due to the complexity
of the system, it is often difficult to choose controller gains
and guarantee stability for the full-order nonlinear model. To
facilitate this task, we simplify the model as shown in Fig. 2.
The resulting model comprises one CB connecting each feeder
to the grid, one CB connecting feeder 1 to feeder 2, and one
CB acting as the POI with the grid. The loads on each feeder
are aggregated into one load per feeder. In addition, we make

Grid

DG GFM

Feeder 1 Feeder 2

CB000

CB100 CB200

CB111

NO

POI CB

Fig. 2: The simplified model of the abridged Banshee system.

the following assumptions:
A1 The microgrid is balanced and operating in sinusoidal

regime.
A2 There is one short and lossless transmission line con-

necting feeders 1 and 2 through CB111.
A3 System voltage magnitudes in each mode are treated as

constant, under the assumption that the voltage controls
in the system work faster than those for frequency.

A4 The system is linearized using the following approxima-
tion: sin(θi − θj) ≈ θi − θj .

We model the generating resources using a voltage behind
the reactance model. Let vi(t) and θi(t) respectively denote the
magnitude and phase angle at time t of the phasor associated
with the voltage at bus i = 1, 2. Additionally, let ei(t) and
δi(t) respectively denote the magnitude and phase angle at
time t of the phasor associated with the internal voltage of the
generator connected at bus i = 1, 2. In addition, let ∆ωi(t)
denote the difference between the frequency measurement at
the generator on feeder i, at time t, and the nominal frequency,
ω0 = 2π60 rad/sec. Furthermore, define pri (t) to be the active
power reference command given to the generating resource
on feeder i, and pgi (t) to be the active power injection of
the generating resource on feeder i. Then, the evolution of
δi(t), i = 1, 2, is governed by

dδ1(t)

dt
= ∆ω1(t),

J1
d∆ω1(t)

dt
= pr1(t)− pg1(t)−

1

R1ω0
∆ω1(t),

dδ2(t)

dt
= ∆ω2(t),

H2
d∆ω2(t)

dt
= pr2(t)− pg2(t)−D2∆ω2(t),

where J1
[ s2

rad

]
is the inertia constant of the DG, R1

[
pu

]
is the

regulation constant of the DG, H2

[ s2
rad

]
is a small parameter,

and D2

[ s
rad

]
is the droop coefficient of the GFM inverter. As

voltage is treated as a constant in this model, we disregard the
reactive power/voltage primary control equations.

III. CONTROLS

The suite of controls implemented in the Banshee model
includes active power tie-line regulation across the POI and
between the two feeders when they are connected through
CB111. Additionally, the system can island and re-synchronize
individual feeders from/to the grid, disconnect two previously
interconnected feeders, and synchronize islanded feeders to
form a single microgrid. Finally, when the feeders are islanded
from the grid, secondary frequency regulation can be activated.
A description of each of these controls along with their
labeling is provided in Table I. While our controls are applied
to a two feeder system, the control architecture proposed in
this paper can be extended to other microgrids.

A. System Mode Description

When a CB is opened or closed, the network topology
changes; we refer to each distinct topology as a mode. The
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TABLE I: System Controls
Note: i, j ∈ {1, 2}, i ̸= j, and subscripts for the variables involving feeders i and j are not ordered (i.e., uij = uji).

Control Description Enable zn(t) κn εn(t)

up
0 Active power regulation across the POI CB. τp0 (t) µp

0(t) αp
0

(
p0(t)− p∗0(t)

)
τp0 (t)

u0i Disconnection of feeder i from the grid. τ0i(t) µp
0i(t) αp

0i (p0i(t)− 0) τ0i(t)

up
ij

Active power regulation across the CB
connecting feeders i and j. τpij(t) µp

ij(t) αp
ij

(
pij(t)− p∗ij(t)(1− τij)

)(
τpij(t) + τij(t)

)
uij Disconnection of feeders i and j. τij(t)

u0i Synchronization of feeder i to the grid. σ0i(t) νp0i(t) λp
0i (θ0i(t)− 0)σ0i(t)

uij Synchronization of feeders i and j. σij(t) νpij(t) λp
ij (θij(t)− 0)σij(t)

up
i Frequency regulation on feeder i. ξpi (t) ηpi (t) βp

i (∆ωi(t)− 0) ξpi (t)

system depicted in Fig. 3 has a total of seven desired modes.
We denote the modes as follows: grid connected (GC), par-
tially islanded 1 (PI1), partially islanded 2 (PI2), fully islanded
(FI), backfed 1 (BF1), backfed 2 (BF2), and networked (NW).
Note that for all desired modes the POI CB is closed and
it only opens for unintentional disturbances, which are not
addressed in this paper. It is more desirable to island at the
feeder level (CB100, CB200) than the POI in order to have
more direct control over each feeder. Additionally, no desired
mode topology contains loops.

GC

FI

BF1

CB Closed 
CB Open 

POI Tie-Line Control

Local Frequency Control 

Inter-Feeder Power Control

PI1

NW

PI2

BF2

Fig. 3: The 7 desired modes of the Banshee distribution
system. The controls listed within each mode can be

activated without triggering a mode transition.

Figure 3 depicts the possible transitions among modes, as
well as the possible controls active within each of the seven
modes. Let s00, s10, s20 and s12 denote indicator variables
associated with CB’s CB000, CB100, CB200, and CB111,
respectively, with each taking value 1 when the corresponding
CB is closed, and 0 otherwise. Then, we can define:

mGC = s00s10s20(1− s12), (1)
mPI1 = s00(1− s10)s20(1− s12), (2)
mPI2 = s00s10(1− s20)(1− s12), (3)

mFI = s00(1− s10)(1− s20)(1− s12), (4)
mBF1 = s00(1− s10)s20s12, (5)
mBF2 = s00s10(1− s20)s12, (6)
mNW = s00(1− s10)(1− s20)s12; (7)

each of these is equal to 1 when the system is in the mode
indicated by the labels in the sub-indices, and 0 otherwise.

Additionally, in column 3 of Table I we present a binary
indicator variable that can be used to enable/disable each
control. In column 4 of Table I we list an internal control
variable, zn(t), for each of the integral controllers in the
system, where n = 1, 2, ..., 9. In columns 5 and 6 of Table I
we list the integral controller gain, κn, and the input/error
term, εn(t) for the controllers. Define p∗i (t) as an external
reference setpoint for generating resource i, and let p∗12(t) and
p∗0(t) denote the active power reference setpoints for the power
flow across CB111 and CB000 respectively. We define power
flowing into the microgrid is as positive. Then, we can define
a generic integral function for all controllers in the system as:

żn(t) = κnεn(t), (8)

pri (t) = p∗i (t) +
9∑

n=1

ρi,nzn(t), i = 1, 2, (9)

where ρi,n ∈ (0, 1) is the participation factor associated with
generator i and controller n. Note that not all controllers can
be active for each mode, and not all controllers can be active
simultaneously.

B. Closed-Loop State-Space Model

Next, we introduce a state-space model for the linearized
Banshee system. Let p0(t), p01(t), p02(t) denote the power
flows across CB100, CB200, and CB111, respectively. Also,
define θij(t) = θi(t) − θj(t). Finally, let pdi (t) denote the
active power load on feeder i. In the remainder of the paper
we suppress the time argument in all variables for ease of
notation. Define,

xp =
[
δ1 ∆ω1 δ2 ∆ω2

]⊤
,

up =
[
pr1 pr2

]⊤
,

dp =
[
pd1 pd2

]⊤
,

xc =
[
µp
0 µp

01 µp
02 µp

12 ηp1 ηp2 νp01 νp02 νp12
]⊤

,

uc =
[
p0 p01 p02 ∆ω1 ∆ω2 θ01 θ02 θ12

]⊤
,
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dc =
[
p∗1 p∗2

]⊤
.

Then, the state-space model for the closed-loop model is
given by,

Epẋp = Apxp +Bpup, (10)
up = Ccxc, (11)
ẋc = Bcuc + Fcdc, (12)
uc = Cpxp +Hpdp. (13)

By substituting (11) into (10) and substituting (13) into (12)
we obtain:[
Ep 0
0 I

]
︸ ︷︷ ︸

Ef

[
ẋp

ẋc

]
︸ ︷︷ ︸
ẋf

=

[
Ap BpCc

BcCp 0

]
︸ ︷︷ ︸

Af

[
xp

xc

]
︸ ︷︷ ︸
xf

+

[
0 0

BcHp Fc

]
︸ ︷︷ ︸

Ff

[
dp
dc

]
︸︷︷︸
df

.

(14)

where 0 and I respectively denote a zero matrix and identity
matrix of appropriate dimensions. The state-space model is a
function of the system mode and the controls active at any
given time. Due to space constraints, we do not provide the
expressions for the Af and Ff matrices. However, they can be
derived using the integral control equations and reference val-
ues in (9) and (8), the mode-dependent power flow equations
derived from Fig. 2, and the indicator variables in (1)-(7).

IV. CONTROLLER GAIN CHOICE

In this section, we choose controller gains, km, as listed in
column 5 of Table I that make (14) stable for the parameter
values listed in Table II. These parameters were extracted from
the full-order model of the Banshee system, and are given
in per unit unless otherwise specified. As each mode in the
system comprises a different network topology, a power flow
formulation was executed for each mode to determine the
value of v1 and v2. Note that despite the different topologies,
all v1 and v2 values are respectively within 2.75 × 10−5 pu
and 3.70 × 10−4 pu of one another. In addition, the values
of e1, e2, v1 and v2 are approximately 1.03 pu due to small
internal generator reactances, x1 and x2.

A. Open-Loop Stability Analysis

We use the matrices Ep and Ap from (10) to examine
the stability of the open-loop system model [9]. Define
e1 =

[
1 0

]⊤
and e2 =

[
0 1

]⊤
. Let Gi denote the

kronecker product of the 2-dimensional identity matrix and
ei. Additionally, define the following matrices,

S1 =

[
s10 0

0 s20

]
and M =

[
1

−1

]
.

Let γ1 = v1e1
x1

, γ2 = v2e2
x2

, γ12 = v1v2

x3
, and

Γ = −


−γ1 0 γ1 0

0 −γ2 0 γ2

γ1 0 −γ1 − γ12s12 γ12s12

0 γ2 γ12s12 −γ2 − γ12s12

 ,

= −

[
Γ11 Γ12

Γ21 Γ22

]
.

While Ap is dependent on the mode and network topology,
define the mode-agnostic element of Ap to be

A =


0 1 0 0

0 − 1
R1ω0

0 0

0 0 0 1

0 0 0 −D2

 , and Ep =


1 0 0 0

0 J1 0 0

0 0 1 0

0 0 0 H2

 .

Then, we define Ap to be:

Ap = A+G2

(
(1− s12)S1Γ11 − s12γ12MM⊤

)
G⊤

1 .

The coefficients of the characteristic polynomial for each
mode in open loop, given by det(sEp−Ap) = 0, are presented
in Table III. Note that for modes PI1, PI2, FI, and NW,
Ep and Ap must be modified to remove the zero eigenvalue
that appears when a second reference angle is introduced to
the system. Furthermore, for FI this modification is used to
remove two zero eigenvalues. By applying the Routh-Hurwitz
criterion, we determine that the system is open-loop stable in
all modes [10].

B. Closed-Loop Stability Analysis

In the closed-loop model in (14), while the matrix Ef is
constant, the matrix Af is a function of both the mode/system
topology, as well as the controls active at any given time. As
an example, the entry (5,1) of the matrix Af can be shown to
be:

τp0α
p
0m

(
e⊤1 Γ11m− (e⊤1 SBF1 + e⊤2 SBF2)Γ12Γ

−1
22 Γ21

)
e1,

where
m = mGC +mPI1 +mPI2 +mBF1 +mBF2.

When the system is in GC mode and active power POI control
is enabled, Af (which includes the above term) is a function
of αp

0:

Af =


0 1 0 0 0

−6475.57 −0.053 0 0 0.5

0 0 0 1 0

0 0 −482.11 −0.053 0.5

−6475.57αp
0 0 −482.11αp

0 0 0

 ,

where rows/columns 6-13 have been omitted as no other
controls are active and those rows are therefore unnecessary.
Figure 4 depicts the 5 eigenvalues of the descriptor state-space
as we sweep across values of αp

0 from -100 to 500. Based on
the position of the eigenvalues where they enter the OLHP,
the constraints on αp

0 are 0 < αp
0 ≤ 52.55.
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TABLE II: Primary Control System Parameters.

Initial
Conditions

x1 x2 x3 p∗1 p∗2 pd1 pd2 qd1 qd2
e1, e2
v1, v2

J1 R1 H2 D2

Value 1.6× 10−4 0.002 0.178 0.146 0.125 0.185 0.166 0.090 0.081 1.03 0.002 0.05 0.0001 0.053

TABLE III: Characteristic Polynomial Coefficients

a4 a3 a2 a1 a0

GC 1.0 557 8.10× 106 1.86× 109 1.58× 1013

PI1 − 1.0 557 4.83× 106 1.29× 108

PI2 − 1.0 557 3.28× 106 1.73× 109

FI − − 1.0 557 1.42× 104

BF1 1.0 557 4.83× 106 1.31× 108 1.43× 1010

BF2 1.0 557 3.34× 106 1.74× 109 1.93× 1011

NW − 1.0 557 7.61× 104 3.15× 106
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Fig. 4: The modes of the closed-loop system in GC mode
with active power POI control has been enabled.
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Fig. 5: Various gain values for active power POI control
tested on the full order Banshee system in GC mode.

V. SIMULATION/APPLICATION OF CONTROL GAINS

In this section we test various values of αp
0 on the full-

order Banshee system model, implemented in a real-time C-
HIL testbed. Figure 5 depicts the response of the system with
varying gain values to a change in the reference setpoint p∗0.
The simulation begins with the system in GC mode with
τp0 = 1, and power across CB000 at 0 kW. Then, at time
t = 186 s the reference p∗0 changes to 500 kW and the

generators on feeders 1 and 2 are dispatched to track the
reference. The participation factor for each resource is 0.5. The
full order Banshee system remains stable when 0 < αp

0 < 58,
which is a slightly larger range than that of the linearized
system. However, as αp

0 increases (especially past 52.55),
the system response becomes increasingly oscillatory and
undesirable. While there is a slight mismatch in the regions
of stability between the two models, the linearized model is
more conservative.

VI. CONCLUDING REMARKS

In this paper, we consider an abridged version of the
Banshee microgrid equipped with a suite of controllers that
can seamlessly transition the system through seven operating
modes. To characterize regions of stability for the full-order
model throughout different modes and possible controls, we
analyze a linearized closed-loop state space model of the
system. Simulation results illustrate that tuning the linearized
system is helpful in characterizing stable and unstable regions
of operation. While the regions of stability for the full-order
model and the linearized model may not overlap exactly, those
of the linearized model are often more conservative. Future
work aims to relax assumptions made regarding voltage,
lossless lines, small angle approximations, and disturbances.
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