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Abstract—This paper proposes a two-stage frequency-voltage
coordinated emergency control strategy to improve the transient
performance of isolated microgrids under contingencies. In the
first stage, distributed generators are rapidly coordinated based
on the gradient of power imbalance to suppress further frequency
degradation. The second stage employs model predictive control
to account for the dynamic differences among various devices, en-
abling fast and accurate frequency restoration while maintaining
voltage quality. Simulation results demonstrate that the proposed
strategy effectively reduces the maximum frequency deviation
and accelerates system recovery, achieving superior performance
compared with single-stage control approaches.

Index Terms—Emergency control, frequency control, isolated
microgrid, model predictive control, voltage control

I. INTRODUCTION

Recently, the large-scale integration of distributed energy
resources (DERs) has made microgrids a crucial component
of the power system. Isolated microgrids, in particular, have
broad application prospects owing to their ability to provide
autonomous power supply in remote areas, islands, and post-
disaster scenarios [1]-[3]. However, when disconnected from
the main grid, microgrids lose external inertia and power
support, making them highly vulnerable to power imbalances
during sudden events such as critical load switching. These
imbalances can lead to severe frequency fluctuations and even
threaten system stability. The frequency control of isolated
microgrids is further challenged by their multi-energy-carrier
nature, various devices coordination, and inherently low inertia
characteristics [2].

Microgrids generally adopt a hierarchical control strategy
consisting of primary, secondary, and tertiary control stages.
The primary control typically relies on droop control to
allocate power among distributed generators (DGs) [4]. To
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enhance frequency performance, various advanced strategies
have been proposed, including adaptive droop control [5],
virtual synchronous generator (VSG) control [6], [7], among
others. These approaches have partially mitigated the fre-
quency issues arising from the high penetration of renew-
able energy sources. However, they predominantly belong
to the differential regulation category, which makes precise
frequency restoration difficult. In addition, some studies have
utilized the voltage-sensitive loads to regulate frequency in
isolated microgrids [8], [9]. Although this method can partially
improve frequency performance, it often compromises voltage
quality.

To achieve precise frequency restoration and coordinated
control among various DGs, optimal and model predictive
control (MPC) based strategies have been extensively investi-
gated [10]-[14]. In [10], a stagewise method was proposed
that employs measurement-driven optimization strategies in
the second and third stages to regulate system voltage and
frequency rapidly. In [11], a feedback-based gradient optimiza-
tion method was developed to suppress frequency fluctuations.
The approach in [12] achieved frequency regulation by jointly
optimizing the droop coefficients and voltage setpoints of
DGs. In [13], an optimal reset control strategy based on
linear quadratic regulation (LQR) was proposed to enhance
the frequency response and reduce frequency deviations in
isolated microgrids. An MPC-based controller is presented
in [14] to enhance the transient response of networked mi-
crogrids. However, most existing studies focus primarily on
small-disturbance scenarios, paying limited attention to rapid
dynamic responses under contingencies, and often neglect the
inherent differences among DGs.

Based on the discussion above, this paper proposes a
two-stage emergency control strategy featuring coordinated
frequency-voltage optimization. In the first stage, power im-
balance is rapidly allocated based on the gradient to suppress



further frequency deterioration. In the second stage, the MPC-
based method is employed to jointly regulate the active power
outputs and voltage setpoints of DGs, enabling fast and
accurate frequency restoration. Through this stagewise control
architecture, the proposed strategy effectively limits frequency
deviation and mitigates the impact of sudden disturbances
during the initial stage. In the restoration stage, it fully
exploits the capabilities of various DGs to achieve coordinated
restoration and comprehensive optimization of both frequency
and voltage.

The rest of the paper is organized as follows: Section II de-
scribes the system model. Section III introduces the two-stage
control strategy in detail. The effectiveness of the proposed
method is validated by simulation in Section IV. Section V
gives the conclusion.

II. MODEL DESCRIPTION

The studied system consists of SGs, battery energy storage
systems (BESSs), photovoltaics (PVs), and loads. Both the
BESS and PV are connected to the grid via voltage-source
converters (VSCs).

A. Synchronous Generator Model

The SG exhibits complex electromechanical dynamics that
play a dominant role in system frequency behavior. To capture
these dynamics with appropriate accuracy while maintaining
model tractability, this study adopts the third-order SG model
as described in [14]:
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where § denotes the rotor angle; w is the rotor angle velocity;
ws is the nominal value of rotor angle velocity; H is the
inertia constant; T3, is the mechanical torque; P, is the elec-
tromagnetic power; D is the damping coefficient; 77 is the
d-axis open-circuit transient time constant; E(’] is the transient
electromotive force; X4 and X L’i are the d-axis synchronous
and transient reactance, respectively; and Ey represents the
field voltage.

According to [15], [16], the exciter, turbine, and governor
models are established as shown in Figs. 1-3, respectively.
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Fig. 1. Exciter model of SG.
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Fig. 2. Turbine model of SG.
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Fig. 3. Governor model of SG.

B. Battery Energy Storage System Model

BESSs are widely used in microgrids and typically partic-
ipate in primary control through droop control. To simplify
the problem, the internal control dynamics of the BESS are
neglected in this study, as the BESS’s dynamic response is
much faster than the microgrid’s frequency dynamics, which
are dominated by SGs. Accordingly, the BESS is modeled as
an ideal controlled power source, whose dynamic behavior can
be described by:

Pggss = Pgessset + KBEss,p(1 — waEss) 4

Qsess = @sesso + Ksess,(VaEssset — VBEss) (5)

dBgEss
dt

= ws(wgess — 1) (6)

where Pggss and QQggss denote the active and reactive power
outputs of the BESS, respectively; Pggssset and (Jggsso rep-
resent their corresponding setpoints; wpgss is the locally
measured frequency; Vpgss is the terminal voltage; Vegssset
is the voltage setpoint; Kggss,p and Kpgss,g are the droop
coefficients; and fggss is the phase angle obtained from the
phase-locked loop (PLL). Since the PLL dynamics are ignored,
fsess can be regarded as the voltage phase angle at the
terminal of the BESS.

C. Photovoltaic Model

As described in [17], PV generally employs maximum
power point tracking (MPPT) algorithms to maximize solar en-
ergy utilization and typically does not participate in frequency
regulation. For simplicity, the PV is assumed to maintain
a constant output over a short period and is modeled as a
constant power source with unity power factor.



D. Load Model

The load is represented by (7) and (8), which have been
commonly adopted in [12] and [14]:
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where Prg, QLo, and Vg denote the rated active power,
reactive power, and voltage, respectively; while P, @1, and
VL represent their actual values. The coefficients n, and n,
depend on the load characteristics. It can be observed that the
load power varies with the magnitude of the terminal voltage.
Therefore, by adjusting the DG voltage setpoints, the load’s
active power consumption can be influenced, thereby indirectly
affecting the frequency.

E. Power Flow Model
The power injected into bus ¢ is given by:
P, =V Z Vj (Gyj cos 0;; + By sin 6;)
J€i

Qi = V; Z ‘/} (G” sin Hij — Bij COS 9”)
JE

€))

where V; and V; denote the voltage magnitudes at bus ¢ and
Js Gi; and B;; represent the conductance and susceptance
elements of the admittance matrix, respectively; and 0;; =
0; — 0; is the voltage phase angle difference between bus i
and j.

By combining the equations above, the state-space model
of the isolated microgrid can be established as:

x = f(x,y,u)

10
0=g(xy,u) {10

where x is the vector of state variables; y is the vector of
algebraic variables; and u is the vector of control variables. In
our study, u comprises the active power and voltage setpoints
of each SG and BESS.

III. PROPOSED CONTROL STRATEGY

To address frequency control issues in isolated micro-
grids under contingencies, this paper proposes a two-stage
frequency-voltage coordinated control strategy in which all
computations are performed by the microgrid central controller
(MGCC). When the frequency deviation exceeds 0.2 Hz [12],
the MGCC immediately activates the first stage control and
dispatches control commands to all DGs. Then the MGCC
performs the second stage, in which the MPC-based method
determines optimal control actions at each sample interval,
and the updated commands are subsequently dispatched to all
DGs. The proposed method operates continuously until the
predefined termination conditions are satisfied. The details of
each stage are presented below.
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A. Rapid Coordination Stage

To accelerate the generation of control decisions, a sim-
plified model based on the steady-state power balance is
formulated in this stage. Specifically, the microgrid is modeled
as a single-bus system, where network losses are ignored and
voltage magnitudes are assumed to remain uniform throughout
the system. The dynamic characteristics of the BESS and SG
are omitted, and their outputs are considered to follow their
respective reference commands instantaneously [12].

Since frequency deviation fundamentally arises from power
imbalance, minimizing the frequency deviation is equivalent
to minimizing the total power deviation Pp;. Therefore, the
gradient G of P2 with respect to each control variable is
calculated to derive the control commands, enabling a rapid
reduction of the power imbalance:

OP2, S8 OPsgi NE O Pagss.;
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where Nsg, Nggess, Npy and N1, denote the numbers of SGs,

BESSs, PVs, and loads, respectively; Psg, Psgpss, and Ppy

represent the active power outputs of the SG, BESS, and PV,

while P, denotes the load power; u; denotes the first stage

control variable. Under the assumption of uniform system
voltage, u; is defined as:

_ [pT pT T

u, = [PSG,PES,V} (12)

where V' denotes the voltage magnitude shared by all buses.

By combining (7), G can be obtained as shown in (13).

v & ’
G = 2P 1,---,172‘/—02;PL0,Z- (13)

To account for the different dynamic response capabilities of
various DGs, a weighting matrix R is introduced to modify
the gradient G. For example, since SGs exhibit relatively slow
dynamic responses and are less suitable for fast power support,
their associated weights are typically set higher to reduce their
initial participation. The modified gradient G’ is expressed as:

G' =R;'G (14)

Finally, based on the G’, the initial power imbalance P;so
is proportionally allocated to each control variable, while
ensuring that all allocations satisfy the constraints.

Au = PmiSOGI (15)



B. Optimization Restoration Stage

Considering the nonlinear characteristics of the isolated
microgrid model developed in Section 1II, it is linearized at the
operating point (xg,¥o,uo) and discretized with the sample
period T [18], as shown in (16).

Xp4+1 = Axy + By + Cug Jrf (16)
0=Dx; +Eyr+Fur+g

where k denotes the discrete time; A-F represent system
matrices; and f, g are constant vectors expressed as:

f = f(x0,¥0,u0) — Axg — Byo — Cuy

. (17)
g = —Dx¢ — Eyo — Fug

To achieve coordinated restoration of frequency and voltage,
the second stage aims to minimize both the frequency devi-
ation and control effort. Accordingly, the following quadratic
programming problem is formulated:

Np—1
. 2 2
min 32 (loonsr = 11 + Ik = e, )
s.t. Equation (16),
Vmin S Vk S Vmam

Upin < Ug < Uppag

(18)

where N, is the prediction horizon; Q and R, are the
weighting matrices; w denotes the set of DG frequencies;
U 1s the control reference from economic dispatch; and V
represents the set of bus voltage magnitudes.

It is worth noting that, since the proposed strategy serves
as an emergency control mechanism with a short operating
duration, the BESS’s state-of-charge (SoC) constraints are
ignored. Furthermore, to reduce prediction errors, the system
matrices A-F and vectors f,g are updated at each sample
interval rather than using a fixed linearized model.

To achieve rapid frequency restoration, the weighting matrix
Q is set much larger than R,. To maintain high voltage
quality after frequency restoration, the weights assigned to
voltage setpoints are set higher than those for other control
variables. Additionally, to fully exploit the fast frequency
regulation capability of BESS and enhance system resilience
against disturbances, the power imbalance is predominantly
compensated by SGs after frequency restoration. Therefore,
the weights associated with the active power output of SGs
are set relatively small.

IV. CASE STUDY

This study employs a modified CIGRE benchmark micro-
grid to verify the effectiveness of the proposed strategy [11],
[12]. As illustrated in Fig. 4, the system comprises 15 buses
operating at a nominal voltage of 20kV and a rated frequency
of 50 Hz. The microgrid includes: 3 SGs, with SG; rated at
5MVA, SG, and SGj; rated at 2 MVA; 3 BESSs, with BESS;
rated at 1.5 MVA, BESS, and BESS3 rated at 1 MVA; 2 PVs,
with PV, rated at 1 MVA and PV, rated at 3 MVA. All loads
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Fig. 4. Modified CIGRE benchmark test microgrid.

are modeled as constant-impedance loads with parameters
np =ng = 2.

We set the sample time to 75 = 0.5s, and the prediction
horizon to Np = 5, achieving an appropriate trade-off be-
tween control performance and computational efficiency. The
dynamics of the microgrids are simulated by PSCAD, while
the control algorithm is implemented in MATLAB. All codes
are implemented on a PC with a 64-bit Intel Core i7 3.4 GHz
CPU and 16 GB of RAM.

In this case, PVy is suddenly tripped at 20s, resulting in
a 3MW power imbalance. As shown in Fig. 5 and Table I,
when no corrective action is taken and the system relies solely
on primary control, the frequency fails to meet normal op-
erational requirements. The gradient-based allocation strategy
effectively mitigates the initial frequency decline but exhibits a
relatively slow restoration. In contrast, the MPC-only approach
requires longer computation times, causing a lower frequency
nadir at the onset of the disturbance and imposing greater
stress on the microgrids. The proposed two-stage control
strategy achieves both rapid response and high precision,
effectively preventing further frequency deterioration while
ensuring swift restoration.
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Fig. 5. Microgrid frequency for different strategies during PVa trip.



TABLE I
CONTROL PERFORMANCE COMPARISON

Minimum Recovery Time to
Control Strategy Frequency (Hz) 49.9 Hz (s)
No control 48.64 -
Gradient-based
allocation only 49.68 209
MPC-only 49.44 20.8
Proposed method 49.69 20.5

As shown in Fig. 6, the proposed strategy allows the BESSs
to retain considerable adjustable capacity, enhancing the sys-
tem’s resilience to subsequent disturbances and demonstrat-
ing superior resource coordination. Fig. 7 shows the voltage
amplitude at bus 15, indicating that the proposed strategy
provides improved voltage quality after frequency restoration
compared with the gradient-based allocation method. It is
also worth noting that the computational time of the first
stage is negligible, while the average solution time for each
optimization problem in the second stage is approximately
62 ms, satisfying the real-time operational requirements of the
proposed control strategy.
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Fig. 6. Output of ES; for different strategies during PVa trip.
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Fig. 7. Voltage at bus 15 for different strategies during PVa trip.

V. CONCLUSION

This paper proposes a two-stage frequency-voltage coor-
dinated emergency control strategy to enhance the transient
performance of isolated microgrids during contingencies. In
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the first stage, a gradient-based approach is adopted to rapidly
suppress frequency degradation and mitigate the impact of
disturbances on the system. In the second stage, an MPC-
based method is employed to comprehensively coordinate
DGs, enabling fast and accurate frequency restoration while
improving voltage quality. Simulation results verify that the
proposed control strategy effectively reduces the maximum
frequency deviation, achieves coordinated frequency-voltage
optimization, and exhibits superior performance compared
with single-stage control schemes.
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