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Abstract—For the optimal performance of a microgrid where
line resistance to reactance (R/X) ratio is high, one must con-
sider the coupling between voltage and frequency. Furthermore,
microgrid operational costs are time-varying. Thus, the voltage
and frequency support controller must be flexible enough to
handle technical and economic constraints. In this paper, the
model predictive control (MPC) approach is proposed for voltage
and frequency support considering the coupling between voltage
and frequency dynamics. With the predictive model of the system,
the finite horizon optimization problem is solved online and a
control signal is calculated such that defined cost is minimized.
By proper choice of MPC parameters, desired performance based
on the availability of resources and market incentives can be
achieved.
Index Terms—Voltage-frequency control, voltage-frequency

coupling, model predictive control, optimal control, microgrid.

I. INTRODUCTION

Microgrids have been proposed as a solution to achieve
reliable and resilient grids of the future [1]. In isolated/islanded
microgrids, synchronous generators are often responsible for
maintaining the voltage and frequency of the system. The
distributed energy resources (DERs), such as solar and energy
storage systems (ESSs), typically act as passive elements or
might have a secondary supporting role regarding voltage and
frequency control. The large-scale integration of renewable
DERs brings various challenges regarding dynamic voltage
and frequency control. Microgrids have intrinsic differences
compared to traditional interconnected power systems in terms
of size, feeder type, high cross-coupling between voltage
and frequency dynamics, a high share of converter-based
renewable sources, and low-inertia [2], [3]. Further, microgrids
operating in isolated/islanded mode are starting to become
more common in distribution networks. In an isolated/islanded
mode of operation, the primary controller is responsible for
maintaining the voltage and frequency of the system. The loss
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of a single generator, inverter, or load, without proper coor-
dination, can cause significant power imbalance and lead to
large voltage and frequency deviations that compromise power
quality and reliability. Thus, improved control techniques for
DERs are required to maintain proper operation.

Traditionally, the voltage and frequency controllers are
designed independently under the assumption that the voltage
and frequency dynamics of the system are decoupled [4].
However, microgrids are typically operated at low to medium
voltage ranges, hence the R/X ratio is typically very high [3].
Furthermore, changes in the system voltage will also be
reflected as changes in the system load owing to the relatively
small size of the microgrid. All these factors contribute to a
stronger coupling between voltage and frequency dynamics
in microgrids as compared to traditional grids. For combined
voltage and frequency control, droop-based controllers have
been traditionally used [5]. In this approach, the d and q
components of the current are used to support the frequency
and voltage, respectively, as a proxy for active and reactive
power support. In general, droop-based approaches assume
that voltage and frequency dynamics are decoupled. Another
proposed method is to utilize voltage dependency of active
power to control frequency [6]. In this method, voltage is
modulated to regulate the frequency, but this does not work
when majority of load power is insensitive to voltage devia-
tions. Furthermore, a voltage-based frequency controller often
conflicts or interferes with a voltage controller, making it
difficult to achieve both control goals simultaneously.
The main objective of this paper is to present the for-

mulation of an advanced predictive control framework for
coordinating ESSs to provide voltage and frequency support
considering voltage and frequency cross-coupling. Dynamic
voltage and frequency support are power-intensive applications
and can have significant impact on ESS degradation. Tradi-
tional controllers do not provide the flexibility to incorporate
operating costs of ESSs (e.g., ESS lifetime degradation cost,
impact on stacked services, energy cost) required to provide
adequate voltage and frequency support. In this regard, a
model predictive control (MPC)-based approach is proposed
to handle the non-linear system voltage-frequency dynamics.
Furthermore, this approach provides the flexibility to tune
controller performance and incorporate operational constraints
within the formulation. MPC-based approaches have been
previously proposed in [7]—[9] under the assumption that
the voltage and frequency dynamics are decoupled. The pro-
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posed framework addresses the technical challenges associated
with low inertia, fast voltage dynamics, cross-coupling, and
coordination of voltage and frequency controls, which can
cause local power quality issues (e.g., voltage deviations,
sympathetic over/under voltages, stability issues, outages, or
large-area blackouts).
The paper is organized as follows: Section II develops a

model for integrated voltage and frequency dynamics of an
isolated power system. In Section III, a MPC approach is
presented and the time constants for the voltage and frequency
dynamics are derived. The proposed methodology is summa-
rized in Section IV. The results and the findings are reviewed
in Section V, and Section VI concludes the paper.

II. DYNAMIC MODELS FOR MICROGRIDS

In this section, the voltage and frequency dynamics of the
system are first independently modeled, and then a combined
model is derived illustrating the cross-coupling between the
voltage and frequency dynamics.

A. Voltage Dynamics Model

A single line diagram of an inverter-based ESS connected
to a microgrid is shown in Fig. 1. The inverter is modeled
as an average model of a current-controlled voltage source
inverter (CC-VSI) while the grid is modeled by the Thevenin
equivalent voltage vg, and equivalent resistance and inductance
R and L, respectively. At the point of common coupling
(PCC), a capacitor C is added, which is part of the inverter
filter (the inductor of the inverter filter is not shown because
a voltage source and an inductor form a current source). The
voltage across the capacitor is represented by ve. The system
load is also connected at the PCC, which draws current iL.

PCC

CC-VS1 v,

iL

Load

Grid

 ( 0000

L

Generato

R
v

Fig. 1: Schernatic representing an ESS connected to a microgrid.
The grid current ig and capacitor voltage v, can be described

in the abc frame as:

dig,abc 

dt
Vc,abc Vg,abc imabcR

dVc,abc iinv,abc ig,abc iL,abc

dt
Applying Park's transformation and neglecting the zero

component assuming a balanced system, the state-space rep-
resentation of the system's voltage dynamics ig and v, in dq0
frame is given by:

(1)

with

(2)

Xv = Avxv Bvut, (3)
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where xv = [igd i gq V gd V eg] r is the state vector rep-
resenting the voltage dynamics of the system, and uv =
[Vgd V gq iinvd iinvg iLd i Lg] r represents the inputs.

It is important to note that the synchronous generator's
voltage dynamics with respect to frequency deviations have not
been considered because vg is estimated through a feedforward
term.
B. Frequency Dynamics Model

The frequency dynamics of the power system can be
modeled using the swing equation and a differential equation
representing the turbine-governor dynamics. The block dia-
gram is shown in Fig. 2. The block diagram also contains a
secondary power control loop, but the secondary control action
is neglected because the main interest of this paper is the
fast frequency dynamics. The following differential equations
define the linearized frequency dynamics of the system:

M D.A.w = APrp — AP, (6)

Tg APm ,6,Pm = — R;1 Ao.) (7)

where M represents the generator inertia constant, D rep-
resents the normalized damping constant, w is the system
frequency, Pm and Pe represent the mechanical power and
electrical power, respectively, Tg represents the governor time
constant, and Rp represents equivalent speed-regulation droop.
Let us also define x, = [Aw Adi] r as the states representing
the system frequency dynamics and u„ = AP, as the
input. The state-space representation of the system frequency
dynamics in SI units is thus given by:

xw = Awx, B,u, (8)

where

a =

A = 
[O

, 
—a

D 1

MTg ▪ RpMTg;
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1
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Fig. 2: General diagram of the isolated power system illustrating the
generator dynamics and the primary frequency control loop.

In (8), the nominal power rating of the generator is Sb,
while wo is the nominal system frequency. The term AP, is
neglected because AP, < AP, to simplify the model for
the MPC implementation. This approximate model was shown
to be effective in [8] to provide near-optimal fast-frequency
support.
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C. Integrated Voltage and Frequency Dynamics Model

In this section, we derive the integrated voltage and fre-
quency dynamics model of the system by combining (3)
and (8). Deriving these equations, the cross-coupling between
the voltage and frequency dynamics is also illustrated. The
set of differential equations for integrated voltage-frequency
dynamics is given by:

=

= — (co — Wo) — f3Co — 
2 
—
3 

(vgdigd + vggigg)

R Vcd
igd = + Wigq

igq —Wi d — —
R 

+ — —
vcg

g L gg L

igd iinvd
Vcd = WVcq

— — — WVcd +  
i.nvg

Vcg

Vgd

L
vgg

L

— 
iLd

iLg

In the derived model, we can see that there are several terms
containing the product of w and current/voltage. These terms
reflect the coupling between voltage and frequency dynamics
of the system. The above equations can be written in concise
form as:

= f(x,u) (15)

where x = [ci.) igd igq Vcd V cg][ (state vector) and u =
[V gd V gq iinvd iinvdT (input vector). Eq. (15) can be converted
to discrete form as:

xk+1 = g(xk,uk) (16)

D. Multi-timescale Dynamics

The time constants of all dynamics must be considered when
selecting the sample time and horizon length of the MPC.
The voltage and frequency dynamics in a microgrid system
have different time constants. Ideally, for an computationally
efficient controller, a multi-timescale control system would
be adopted. However, this is beyond the scope of this paper
and the same sampling rate is employed for both voltage
and frequency control. The time constants of the voltage and
frequency dynamics of the system are computed based on the
eigenvalues of the corresponding system matrices.

1) Time Constant of Voltage Dynamics: To compute the
time constant for the system's voltage dynamics, consider
eigenvalues of the system matrix At, as:

eig(Av) =
2L

R2 — 
4L 4,21,2 f 4wL, \ 141; — R2C

2L
(17)

Generally, —4cL » R2, and thus the voltage dynamics time
constant can be estimated by:

2L
=
R

(18)

2) Time Constant of Frequency Dynamics: Similarly, to
compute the time constant of frequency dynamics, consider
the eigenvalues of the system matrix AW as:

D 1 \1132n — 2MDT9 + M2 
4mR,T9 

eig(iL) =
2M 2Tg 2MT9

(19)
4MTThe —a term within the square-root is much larger than1:17,

the other terms, allowing us to approximate the frequency
dynamics time constant by:

2MTg

TW 
= 
M DTg

III. PROPOSED MPC APPROACH

(20)

A. Transformation of State Differential Equations

The state vector x shown in (15) has six components, but
not all of them can be directly measured. For instance, the
grid current ig cannot be measured directly because the load
in the real system is distributed. Instead, ig can be estimated
based on the measurement of i and V,. Similarly, vg cannot
be directly measured. Thus, (9)—(14) need to be transformed
such that ig is expressed in terms of i. From i and vc, we can
estimate all the required terms — see (22)—(26). Additionally,
the secondary control loop has not been considered in the
predictive model as its effect can reduced by estimating an
extra term, Pd, in Eq. (10). This extra term compensates for
the unmodeled power (secondary power, load, etc). Defining
ig = i —iL, the transformed equation becomes:

c'd

. 3 ,
C.,:) = —a(co — coo) — Ow — —

2
7Mdid + Pd)

• ved Vd
id = --id + Wig + —

L 
— —
LL

R. vcg vq,

iq ,6= eq1WR idil,"--,Lulq vc+d T i iinivdL
Vcd = — —,.-, 1- WVcg + ,-,

C., (-_,

iq 
+ 

iinvq

C; t_.,

(21)

(22)

(23)

(24)

(25)

(26)

where vd = vgd + coLiLq — RiLd L dictid and vg = vgq

WLiLd — RiLq L d dLtq . In (22), the grid voltage vgd has been
replaced with voltage across the capacitor vcd. Because vc will
be the reference for control design, vcq can be set to zero. This
makes vgdigd+vggigg = vcd(id — i -Ld) = Vcdid — VcdiLd• This
second term —vcdiLd and other mismatch (due to secondary
power) are included in Pd. The terms that cannot be measured,
i.e., vd, vg and Pd, are estimated. Estimation of these variables
is outside the scope of this paper and no estimator has been
used. For this paper, data from one sample instant ahead are
used in the discrete equations and those terms are calculated.
This approximation is valid if the measurement noise is low,
otherwise estimators must be used.
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B. MPC Formulation

Let N be the horizon length. The objective is to control
the voltage at the PCC vc, as well as the system frequency w
to be within acceptable values. We can choose the axes such
that the d-axis aligns with V, so that vcq is zero. Then the
objective of the controller is to limit changes in vcd and w
using the control inputs -invd and iinvq. Next, let us assume
F = {I, 2, ...., N} represents the discrete sample time instants
in the forward-time horizon. Let yk = [ACJk Aci)k AVcdkir be
the measured output of the system at a discrete time instant
k, where A represents deviation from its nominal value, and

uk = [iinvdk iinvqk]T is the input. Then, the proposed MPC
formulation will take the following form:

min
invd liinvq

N

Jr = E(y-krQyk TIT Suk)
k=1

s.t. Xk +1 = g(xk,uk) V k E r,

liinvdk l< id,max v k E r,

liv,k I < iq,max V k E r,

Iiinvdk+, — iinvdk l< Sd Vk E

iinvqkl< Sq V kEF

where jnav and iq,max are the limit on d and q compo-
nents of inverter current, respectively, and Sd and Sq are the
ramp rate limits on -invd and iinvq , respectively. The system
dynamics are incorporated within the first constraint of the
MPC formulation. Jr is the cost function to be minimized,
and Q and S are the weighting matrices corresponding to the
states to be controlled and the control input, respectively. Good
quality-of-service may come at the cost of inverter power (both
active and reactive power). The cost function is defined such
that cost on the inverter power and the degradation of the
transient performance is included in the formulation. Depend-
ing on the cost of the control effort and the desired transient
performance, the weighting matrices Q and S can be tuned.
The Q matrix can be used to penalize poor system performance
(i.e., to penalize deviation of Aw, Acii, and A vcd), while
the S matrix can be used to penalize the control effort (i.e.,
power output from the inverter). The weighting matrix Q
is a 3 x 3 matrix defined as diag(qii, q22, q33). Similarly,
S is a 2 x 2 matrix be defined as diag(sii, s22). Solving
this optimization problem over the time horizon I' results in
the following solution iLvd = {cimvdi iLvd2, • • • , 22nvdN } and
Lvq = iInvq2 • • • • • iLvqN}, with the first term of these
two sequences used as the control signal in the next sample
instant. This gives following control law:

*iinvd = iinvdj. iinvq = Zinvql

IV. SIMULATION SETUP

(27)

(28)

The simulation studies were carried out in MAT-
LAB/Simulink The simulation setup used is illustrated in
Fig. 3. The system considered is a 100 kVA, 208 V microgrid
system. A load is connected at the PCC so that load variations
result in voltage and frequency deviations. Without the MPC,

the system frequency returns back to the nominal value after
a certain time (depending upon the value of M, D, and Tg)
based on the primary and secondary frequency controllers.
However, if the inertia constant M is low, the system may
experience large deviations in Au; and Ac;.). When the MPC
is implemented, the inverter supplies d-axis current during
the transient so that frequency deviation is lower during the
transient. Similarly, the inverter supplies the q-axis current
to support voltage at PCC. The MPC calculates the value of
inverter current (control actions) that minimizes the cost func-
tion. The model and design parameters used are summarized
in Table I. Line parameters are based on the typical design
criteria of the line. The generator parameters are based on [8].

PCC

CC-VSI 

iinvd and linvq

toad

Optimization

Constraints

:14k)
w(k)
)

Grid

Prediction
Model

Cost Function

Fig. 3: Block diagram of the system with MPC

adbqc6}..

adbqc6 

TABLE I. Summary of simulation parameters
Parameters Values Parameters Values

R 0.08 S-2 Tg 0.2 s
L 0.22 mH Rp 5 %
C 220 µ,F Sample time (Ts) 0.4 ms
M 4 s Horizon length (N) 1250
D 1.5

Using the parameters Table I in (18), the voltage dynamics
time constant is calculated as approximately 5 ms. As a rule of
thumb, the controller sample time (0.4 ms) was chosen to be
approximately 15 times smaller than the voltage (lowest) time
constant [10]. Similarly, the frequency dynamics time constant
can be calculated based on (19). The controller horizon length
of 0.5 s is selected to be approximately 1.5 times the largest
time constant, which in this case is 0.37 s for the frequency
dynamics It is important to note that for typical microgrid
parameters, the voltage dynamics time constant is often much
smaller than the frequency dynamics time constant.
Eq. (15) was discretized using the backward Euler method.

A phase-locked-loop (PLL) was used to transform the capac-
itor voltage vc and the current measurement i into the dq0
frame. The MPC was implemented in MATLAB/Simulink
using CasADi, which is an open-source tool for non-linear
optimization and algorithmic differentiation [11]. The opti-
mization problem was formulated in C++ using CasADi and
compiled to a Matlab Executable (MEX) file called from MAT-
LAB/Simulink. The IPOPT nonlinear solver was employed to
solve the optimization problem [12].
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V. RESULTS AND ANALYSIS

The proposed MPC for voltage and frequency support was
simulated with different values of the weighting parameters.
Three different cases were considered for the simulations
through appropriate selection of the weighting matrices. In
the first case, frequency support was prioritized over voltage
support by setting Q = diag (1.0, 1.0, 0.1). For the second
case, equal emphasis was placed on voltage and frequency
support by setting Q = diag(0.5, 0.5, 0.5). The final case
prioritized voltage support over frequency support by setting
Q = diag(0.1,0.1, 1.0). For all cases, the values for s11
and 822 were chosen to be 0.01 and 0.001, respectively.
This parameter selection assumes that voltage and frequency
support has a higher priority over total energy cost. Among
them, s11 is chosen ten times higher than 822 because active
power is more expensive than reactive power. A step load
change from 0.5 pu to 0.7 pu at t = 0.5 s is considered for
all the cases to analyze the voltage and frequency dynamics
of the considered system. Fig. 4 shows the simulation results
for the three different cases.

TABLE II: Results summary
Performance Metrics without MPC Case I Case II Case III
Frequency nadir (Hz) 59.33 59.55 59.49 59.38
Maximum -1.57 -0.71 -0.96 -1.42ROCOF (Hz s-1)
Time to nadir (s) 0.71 1.74 1.27 0.78
Voltage nadir (V) 106.24 110.81 113.19 114.31
Steady state
voltage (V) 155.44 165.43 168.43 169.26

In the first case, significant reductions in the frequency de-
viation and rate of change of frequency (ROCOF) in Figs. 4(a)
and (d) illustrate good frequency support has been achieved
in the system. From Fig. 4(g), it can be observed that there
is only a slight improvement in the voltage response. There
is still a steady-state error on the voltage profile, although
the error is within ±5%. Fig. 4(j) shows the d- and q-axes
inverter currents (control actions of the MPC). The initial spike
is due to that fact that voltage dynamics are very fast, and
thus large initial current is required to support the voltage
transient. For frequency support, invd increases initially and
as the secondary control loop reduces the frequency deviation,

iinvd decreases. During steady-state, both -invd and iinvq can
provide voltage support. However, because a lower penalty is
provided for the q-axis component (811 is higher than 522),
iinvq regulates the voltage of the system during the steady-
state. In the third case (which is the other extreme), voltage
support is prioritized over frequency support. From Figs. 4(c)
and (f), the frequency response is only slightly improved
because a lower weight value is given to frequency support.
Fig. 4(i) shows good improvement in the steady-state voltage
response, returning back to the nominal value. In this case,
a higher iinvq is observed because voltage support is given a
higher priority, and hence more iin" is required to reduce the
cost function.

Finally, in the second case, weights have been selected such
that priority is somewhere between the first and third cases.

Here, both the frequency and voltage responses have slightly
been improved. Table II provides a summary of how different
system performance metrics such as frequency nadir, ROCOF,
the time-to-nadir, voltage nadir, and steady-state voltage are
affected by the selection of the weighting parameters.

VI. CONCLUSIONS

This paper presented a MPC framework to provide dynamic
voltage and frequency support in microgrids. A model was
derived to capture the cross-coupling between voltage and
frequency dynamics. This model was employed in the pro-
posed control framework. The controller maintained system
frequency and voltage within limits for a representative mi-
crogrid with a large load transient. Furthermore, costs can
be imposed on the inverter currents which allows the ESS
operator to strike the right balance between voltage/frequency
performance and ESS degradation.
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