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Abstract—In this work, a novel real-time decentralized
control approach of a Hardware-In-the-Loop (HIL) microgrid
is presented. A state-space feedback control signal is designed
based on an optimal Linear Quadratic Regulator control. The
states of the microgrid are estimated using a Kalman-Bucy
observer. In order to evaluate the performance of the
proposed decentralized controller method, the microgrid and
the controller are designed and evaluated in simulation and also
in a real-time Hardware-In-the-Loop environment. In addition,
the performance of a centralized controller based on state
feedback is also implemented and evaluated over the simulated
and HIL microgrid for comparative analysis.

Index Terms—Control, decentralized, microgrid, real-time.

I. INTRODUCTION

THE hierarchical structure of the microgrid control is
divided into primary, secondary, and tertiary. In the

primary control, the stability of the microgrid voltage and
frequency must be guaranteed. In the secondary control, the
main goal is to refine the primary control, compensating
deviations in the frequency and voltage. Finally, the tertiary
control deals with the optimal operation of the system with
the power flow control in the microgrid. In the present article,
the contribution is oriented towards primary control [1], [2].
The challenges in the field of control systems have made
microgrids evolve, more data monitoring and visualization
tools are incorporated, and its validation is needed [3].
For this purpose, real-time Digital Simulator (RTDS)
and Simulink have been used, especially to analyze the
performance and control of microgrids [4]. These tools
demonstrate the operation of the system and can be used
as validation of the proposed control strategies through
a Hardware-In-the-Loop (HIL) simulation [2], [5], [6].
RTDS operates continuously in real-time, which means that
analytical studies can be performed much faster than offline
simulation programs.
The adaptive control strategies allow continuous update of
the system parameters and the design variability in terms
of the identified model [7]. The control of systems with
non-linearities around an operational point also can be
performed by adaptive linear control techniques [8], [9] or
by intelligent neural networks based control [10]. In [11], an
ARMAX based methodology for identifying and controlling
multivariable time-varying systems is proposed, based on
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a pole placement technique. It can be seen that the
multivariable system can effectively track any set point under
noise conditions. However, the model is designed only for
systems with an equal number of inputs and outputs.

A useful approach to model any multivariable system,
like a microgrid, by state-space equations is presented
in [12]. A set of first-order differential equations is proposed
to describe the system dynamics. Several attempts to
model microgrids and smart grids in state-space have been
presented [13], [14], [15], [16], [17]. For example, in [17]
a smart grid with decentralized control is proposed in state
space. However, these approaches are model dependant and
require detailed knowledge of the system to be controlled.
Finally, in [18] a nonlinear control designed based on a
microgrid model s presented.

In this work, a decentralized controller for an
inter-connected microgrid is presented based on a
state-feedback approach computed by an optimal Linear
Quadratic Regulator and a state estimation based on a
Kalman-Bucy observer. The proposed method is evaluated
in simulation under noise conditions and in real-time by
using a HIL structure. The main contributions of this
paper are the control strategies implemented and tested
in a Real-Time Digital Simulator (RTDS) with controller
hardware in the loop. The paper is organized as follows:
in section II a mathematical description of the microgrid
is presented in state space. In section III the centralized
and decentralized control structures by including the
Kalman-Bucy observer are presented. In section IV a
detailed description of the HIL structure is presented, and
finally, in section V the experimental results for simulated
microgrid and HIL system are discussed.

II. STATE-SPACE DESCRIPTION OF A MICROGRID

In this paper, an inter-connected microgrid with three
subsystems is considered, as depicted in Fig. 1. The
microgrid includes three distributed energy resources (DERs)
interfaced with the local load through a converter. The
first DER represents a photovoltaic solar generator in series
with a voltage source converter (VSC), and the other two
correspond to a hybrid wind-solar system. Variables Vd1, Vd2,
and Vd3 represent the voltage injected by each DER into the
microgrid.
A general dynamic modeling of the microgrid of Fig. 1 is
presented in (1), according to the model in [19] as follows:

ẋ = Ax(t) +Bu(t) + η(t) (1)

being x the state vector, u the input vector, and ω the
disturbance vector, A the feedback matrix, B the input
matrix, η the state noise, and where (1) is used to describe
the dynamic behavior of the microgrid.
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Fig. 1. Inter-connected microgrid structure

According to (1) and the microgrid of Fig. 1, with Rt3 = 0
and Lt3 = 0], the feedback matrix A is defined as follows:

A =

 A11 A12 A13

A21 A22 A23

A31 A32 A33


being

A11 =


−RL1

LL1
0 0 1

LL1

0 −Rd1

Ld1
0 − 1

Ld1

0 0 −Rt1

Lt1

1
Lt1

− 1
C1

− 1
C1

− 1
C1

− 1
R1C1


and

A22 =


−RL2

LL2
0 0 1

LL2

0 −Rd2

Ld2
0 − 1

Ld2

0 0 −Rt2

Lt2

1
Lt2

− 1
C2

− 1
C2

− 1
C2

− 1
R2C2


and

A33 =

 −RL3

LL3
0 1

LL3

0 −Rd3

Ld3
− 1

Ld3

− 1
C3

− 1
C3

− 1
R3C3


with A11, A22 and A33 the three microgrids feedback
matrices, with inter-connections defined by the Aij matrices,

as follows:

A12 =


0 0 0 0
0 0 0 0
0 0 0 − 1

Lt1

0 0 0 0


and

A23 =


0 0 0
0 0 0
0 0 − 1

Lt2

0 0 0


and A13 = 0, A23 = 0, A31 = 0 and A32 = 0. It is worth
mentioning that a zero matrix in the feedback matrix Aij

implies no interconnection between the i and j microgrids.
In addition, the input matrix B is defined as

B =

B11 B12 B13

B21 B22 B23

B31 B32 B33


with

B11 =


0
1

Ld1

0
0

 , B22 =


0
1

Ld2

0
0

 , B33 =

 0
1

Ld3

0


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and B12 = 0, B13 = 0, B21 = 0, B23 = 0, B31 = 0 and
B32 = 0. As before, it is worth noting that a zero input
matrix Bij implies that the i−th input has no influence in
the j−th microgrid. with control inputs for each subsystem
of the microgrid defined as

u =

Vd1Vd2
Vd3

 (2)

and the state-space vector defined as

x =

x1x2
x3

 (3)

being

x1 =


iL1

id1
it1
v1

 , x2 =


iL2

id2
it2
v2

 , x3 =

iL3

id3
v3

 (4)

Assuming that the outputs of the microgrid are
the Point-Common-Coupling (PCC) vi voltages, the
measurement equation can be defined as

y(t) = Cx(t) (5)

being

y =

v1v2
v3

 (6)

with C defined as

C =

C11 0 0
0 C22 0
0 0 C33


and

C11 = C22 =
[
0 0 0 1

]
C33 =

[
0 0 1

]
The state-space model of (1) can be represented in

discrete time as a linear difference equation by using a
zero-order-hold method, resulting in the following discrete
state-space equation

x[k + 1] = Fx[k] +Gu[k] + η[k] (7)

where F = expAts, G =
∫

expAτdτB being ts the sample
time, tk = kts, and being k the sample, with

F =

F11 F12 F13

F21 F22 F23

F31 F32 F33


and

G =

G11 G12 G13

G21 G22 G23

G31 G32 G33



III. CONTROL STRATEGY

To design the state regulator, the strategy described in
this section has been followed. It is worth mentioning that
the voltages Vdi are the control signals and correspond to
the i−th voltage of each of the DERs. The state feedback
control law can be defined, for a centralized control structure
in discrete time, as follows

u[k] = −Kdx[k] (8)

being

Kd =

 Kd11 Kd12 Kd13

Kd21 Kd22 Kd22

Kd31 Kd32 Kd33

 (9)

By considering a Linear-Quadratic-Regulator the Kd gain
can be computed as

FTSF − S − FTSG(GTSG+R)−1GTSF +Q = 0

Kd = (GTSG+R)−1GTSF

being Q and R constrain matrices.
In this work a decentralized structure is proposed where

the i−th control signal can be computed as

ui[k] = −Kdiix̃i[k] (10)

being x̃i[k] the estimated state space variable of the
i−th microgrid at sample k. Also, by considering a
Linear-Quadratic-Regulator the Kdii gain can be computed
as

FT
ii SFii − S − FT

ii SGii(G
T
iiSGii +R)−1GT

iiSFii +Q = 0

Kdii = (GT
iiSGii +R)−1GT

iiSFii

An estimation of the state variables xi[k] is performed by
a Kalman-Bucy observer [20], computed by:

x̃[k + 1] = Fx̃[k] +Gu[k] + Ld(y[k] − Cx̃[k]) (11)

where the i−th output of the microgrid is computed as
yi[k] = Ciixi[k], being yi = vi the PCC voltages, and where
the observer gain matrix Ld is defined as

Ld =

 Ld11 Ld12 Ld13

Ld21 Ld22 Ld23

Ld31 Ld32 Ld33

 (12)

By considering a Linear-Quadratic-Regulator the Ld gain can
be computed as

FSFT − S − FSCT (CSCT +R)−1CSFT +Q = 0

LT
d = (CSCT +R)−1CSFT

It is worth mentioning that the constrains matrices Q and R
are selected as identity matrices for computation of Kd, Kdii

and Ld.

IV. HIL SYSTEM DESCRIPTION

The system is implemented by considering two
Texas Instruments C2000 Microcontrollers Delfino
TMS320F28379D in a configuration presented in Fig. 2.
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Fig. 2. Real-time HIL structure for state feedback control

The main features of the microcontrollers used can be
described as:

1) 200 MHz dual C28x379 CPUs and dual CLAs,
2) 1 MB Flash
3) 16-bit/12-bit ADCs, comparators, 12-bit DACs

According to Fig. 2, a multivariable 3 inputs and 3 outputs
microgrid system is simulated in one C2000 microcontroller
by using 3 analog inputs and 3 analog outputs, and a a
multivariable 3 inputs and 3 outputs state-feedback controller
and Kalman-Buccy observer are simulated in the other C2000
microcontroller by using 3 analog inputs and 3 analog
outputs.

In Fig. 3 is presented the microgrid system implemented
in Simulink - Embedded Coder. The resulting code is
implemented in the first C2000 Microcontroller.

Fig. 3. Real-time implementation of the microgrid by using Simulink -
Embedded Coder

In Fig. 4 is presented the centralized control system
implemented in Simulink - Embedded Coder. The resulting
code is implemented in the second C2000 Microcontroller.
This centralized controller is used for a comparative analysis
of the proposed approach.

Fig. 4. Real-time implementation of the centralized controller by using
Simulink - Embedded Coder

In Fig. 5 is presented the proposed decentralized control
approach implemented in Simulink - Embedded Coder. The
resulting code is also implemented in the second C2000
Microcontroller.

Fig. 5. Real-time implementation of the decentralized controller by using
Simulink - Embedded Coder
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V. RESULTS

In order to evaluate the performance of the proposed
decentralized control method, a comparison analysis is
performed considering a centralized control. The comparison
analysis is performed for states’ behavior from initial
conditions. The model of (7) is used for a HIL
implementation of the system with a sample time ts = 0.5
milliseconds. The performance is evaluated for a simulated
environment by using Matlab and a real-time environment by
using the HIL structure of Fig. 2. The values of microgrid
elements are RL1 = RL2 = RL3 = 1Ω, Rd1 = Rd2 =
Rd3 = 1Ω, Rt1 = Rt2 = 1Ω, LL1 = LL2 = LL3 = 0.01H ,
Ld1 = Ld2 = Ld3 = 0.01H , Lt1 = Lt2 = 0.01H ,
C1 = C2 = C3 = 0.00001F ,R1 = R2 = R3 = 1Ω. And
therefore, the discrete microgrid matrices are

F11 = F22 =


0.95 0 0 0.05

0 0.95 0 −0.05
0 0 0.95 0.05

−50 −50 −50 −49


and

F33 =

 0.95 0 0.05
0 0.95 −0.05

−50 −50 −49


with F11, F22 and F33 the three microgrids feedback
matrices, with inter-connections defined by the Fij matrices,
as follows

F12 =


0 0 0 0
0 0 0 0
0 0 0 −0.05
0 0 0 0


and

F23 =


0 0 0
0 0 0
0 0 −0.05
0 0 0


and F13 = 0, F23 = 0, F31 = 0 and F32 = 0. And also with

G11 = G22 =


0

0.05
0
0

 , G33 =

 0
0.05

0


and G12 = 0, G13 = 0, G21 = 0, G23 = 0, G31 = 0 and
G32 = 0.

The control signal for centralized control is computed
according to (12) and where the estimated states are
computed by (11), and where Kd is computed by using an
optimal Linear Quadratic Regulator structure [12], with the
following values for Kd

Kd11 =
[
−977.7 −977.7 −977.7 −975.8

]
Kd12 =

[
−0.948 −0.948 −0.948 −1.928

]
Kd13 =

[
0.008 0.008 0.008

]
Kd21 =

[
0.036 0.037 0.038 0.036

]
Kd22 =

[
−977.7 −977.7 −977.7 −975.7

]
Kd23 =

[
−0.928 −0.928 −1.909

]
Kd31 =

[
0.0039 0.0041 0.0045 0.004

]
Kd32 =

[
0.0504 0.051 0.053 0.05

]
Kd33 =

[
−978.5 −978.5 −977.5

]

and the following values for Ld

Ld11 =


−48.35
48.35
−48.37
48265.7

 , Ld12 =


−0.037
0.037
48.32
86.78

 , Ld13 =


0.004
−0.004
0.037
−4.34



Ld21 =


0.011
−0.013
0.007
−10.73

 , Ld22 =


−48.35
48.35
−48.37
48265.0

 , Ld23 =


−0.034
0.033
48.37
83.15


Ld31 =

 0.003
−0.004
−3.76

 , Ld32 =

 0.015
−0.018
−14.71

 , Ld33 =

−48.39
48.39

48360.3


Results of simulation under noise conditions with random

initial conditions are presented in Fig. 6 and Fig. 7 and Fig. 8
for centralized control.

Fig. 6. Microgrid subsystem 1 simulated response to random initial
conditions under noise environment

Fig. 7. Microgrid subsystem 2 simulated response to random initial
conditions under noise environment
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Fig. 8. Microgrid subsystem 3 simulated response to random initial
conditions under noise environment

The corresponding control signals are shown in Fig. 9 and
Fig. 10 and Fig. 11

Fig. 9. Microgrid subsystem 1 simulated control signal

Fig. 10. Microgrid subsystem 2 simulated control signal

Fig. 11. Microgrid subsystem 3 simulated control signal

Results of simulation under noise conditions with random
initial conditions are presented in Fig. 12 and Fig. 13 and
Fig. 14 for decentralized control. The control signal is
computed considering

Kd11 =
[
−977.75 −977.74 −977.75 −975.8

]
Kd22 =

[
−977.75 −977.74 −977.75 −975.8

]
Kd33 =

[
−978.58 −978.57 −977.61

]
being

Kd =

 Kd11 0 0
0 Kd22 0
0 0 Kd33



Fig. 12. Microgrid subsystem 1 simulated decentralized response to random
initial conditions under noise environment
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Fig. 13. Microgrid subsystem 2 simulated decentralized response to random
initial conditions under noise environment

Fig. 14. Microgrid subsystem 3 simulated decentralized response to random
initial conditions under noise environment

The corresponding control signals are shown in Fig. 15
and Fig. 16 and Fig. 17

Fig. 15. Microgrid subsystem 1 simulated control signal decentralized

Fig. 16. Microgrid subsystem 2 simulated control signal decentralized

Fig. 17. Microgrid subsystem 3 simulated control signal decentralized

For reference tracking, the following control signal is
defined

u[k] = −Kdx[k] +Kgr[k] (13)

being Kg = (C(I − F +GK)−1G)−1 as follows

Kg =

 −0.0799 0.0304 −0.00026
−0.00021 −0.08159 0.0298
0.00014 −0.00056 −0.0553



The corresponding output signals for a reference tracking
changing from 0V to 12 V at time 0.5 seconds are shown in
Fig. 18 and Fig. 19 and Fig. 20
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Fig. 18. Microgrid subsystem 1 output signal for reference tracking

Fig. 19. Microgrid subsystem 2 output signal for reference tracking

Fig. 20. Microgrid subsystem 3 output signal for reference tracking

In addition, the proposed approach is evaluated over a
HIL structure, where the centralized and decentralized results

are depicted in Fig. 21, Fig. 22, Fig. 23 for centralized
and Fig. 24, Fig. 25, Fig. 26 for decentralized. The data is
acquired by using the USB port where the selected sample
time is 0.5 milliseconds.

Fig. 21. Microgrid states real-time HIL centralized control

Fig. 22. Microgrid outputs real-time HIL centralized control
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Fig. 23. Microgrid control signals real-time HIL centralized control

Fig. 24. Microgrid states real-time HIL decentralized control

Fig. 25. Microgrid outputs real-time HIL decentralized control

Fig. 26. Microgrid control signals real-time HIL decentralized control

A visualization of y1[k] and u1[k] obtained for the
decentralized proposed approach is also presented in Fig. 27
by scaling the input and output data in the 0V to 3.3V range
and by using a UNI-T Oscilloscope of 100MHz bandwidth
with a 1GS/s sample rate.

Fig. 27. Oscilloscope visualization of y1[k] (blue line) and u1[k] (yellow
line) mapped in the 0V to 3.3V range

From Fig. 27 it can be seen that the settling-time achieved
from an initial point is around tS = 40 milliseconds.

VI. CONCLUSIONS

A novel method for real-time evaluation of microgrids
control structures is proposed. Two methods are compared:
the proposed approach for decentralized control of the
microgrid, based on a state estimation Kalman-Bucy
structure, and a centralized approach controller. It can be seen
that the states are estimated by using only one measurement
for each subsystem of the microgrid where closed-loop
stability is obtained. In addition, it is worth mentioning
that the feedback gains for centralized and decentralized
approaches are computed by using a Linear Quadratic
Regulator approach. It is worth noting that the validation
performed using the HIL structure allows the extension of
the results obtained to a real application.
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