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and rapid fluctuations in power output. This work proposes a robust control
framework based on the LQR for managing a HESS composed of batteries
and supercapacitors within a PV microgrid. Compared to conventional
pole-placement techniques for tuning state-feedback regulators, the LQR
approach offers notable advantages: it systematically optimizes control
performance by balancing state regulation and control effort through
adjustable weighting matrices; it ensures a globally optimal solution that
enhances system stability and robustness under parameter uncertainties;
and it simplifies the controller design process by avoiding complex pole
assignment procedures, thus providing better scalability and ease of
implementation. Through extensive simulation scenarios, the LQR-based
controller demonstrates superior dynamic responses, including faster
stabilization, reduced power fluctuation, and improved energy
management efficiency. These results confirm that the LQR method
significantly outperforms pole-placement strategies, offering a more
reliable and adaptable control solution for advanced microgrid energy
management in renewable-dominant environments.
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1. Introduction

Over the past few decades, there has been a substantial increase in the integration of RESs for
global electricity generation. In 2020, global PV solar electricity production reached 709.67 TWh, a
21.5% increase over 2019, accounting for 3.15% of global electricity production. In parallel, global
WP generation totaled 698.043 TWh, reflecting a 17.65% year-over-year increase, and representing
4.8% of the world's electricity output [1]—[3]. This growth is driven by technological advancements
and a commitment from governments and the public to accelerate the transition toward RESs [4]—[8].

However, due to the intermittent nature of RESs [9], [10], ESS plays a vital role in enhancing
grid flexibility, reliability, and energy efficiency. In many microgrids, ESSs are essential to maintain
energy balance and improve PQ [11]-[13]. Among storage technologies, batteries are widely utilized
due to their high efficiency, but they pose several challenges. Batteries typically suffer from limited
power density, which complicates their ability to meet peak power demands. Moreover, they introduce
thermal management issues, capacity degradation under high-rate cycling, and shortened service life
due to frequent charge—discharge cycles [14]-[16].

To mitigate these limitations, HESS has been proposed as a viable alternative [17], [18]. HESS
offers several advantages, particularly in stand-alone renewable systems, including improved overall
system efficiency, reduced operational costs, and extended ESS lifespan [19], [20]. Typically, a HESS
integrates two complementary storage devices: one with high energy density and another with high
power density [21], [22], most commonly a battery paired with a supercapacitor [23]—[25]. A primary
challenge in HESS design lies in controlling and managing the battery/supercapacitor pair. Existing
control methods are often divided into classical approaches, such as rule-based control [26], [27] and
filter-based control [28], [29], and intelligent approaches, including artificial neural network-based
control [30], [31], heuristic-based control [32], and FLC [33], [34].

Recent advances in control strategies for HESS have led to a variety of innovative approaches
for optimizing the integration of batteries and supercapacitors, particularly in PV and microgrid
applications. For example, Ref. [35] proposed a hybrid control method that combines FLC and SMC
to regulate power converters in HESS, thereby improving robustness against disturbances and system
nonlinearities. In a similar context, Ref. [36] developed an efficient energy management architecture
for a grid-connected PV system with battery-supercapacitor storage. Their approach manages different
operational modes through a multi-level control strategy, enhancing overall energy efficiency and
reliability.

Ref. [37] introduced a genetic algorithm-based economic dispatch strategy for hybrid storage
MGs, aiming to optimize system performance by minimizing operational costs while maintaining
energy balance. Meanwhile, Ref. [38] presented a novel RB-EMS, complemented by a current
estimation mechanism, for battery-supercapacitor HESS in a DC-MG architecture interfaced with the
AC grid. This hybrid EMS strategy offers improved real-time power allocation and enhances dynamic
performance. Ref. [39] extended this line of work by proposing a D-MPC framework for a HESS
comprising SMES and batteries. Their method improves predictive accuracy and grid stability under
varying generation conditions.

Additionally, several studies have focused on the combined control of batteries and
supercapacitors using various methodologies. For instance, [39], [40] describes a hierarchical control
system integrating batteries and supercapacitors for grid applications, featuring individual inner-loop
current controllers for each storage branch and an outer-loop power-voltage controller to coordinate
energy exchange and maintain voltage stability. Similarly, [41] proposed a unified control scheme for
a standalone PV-based low-voltage DC-MG that manages both energy flow and DC bus voltage.
However, the method is noted for its complexity in synthesis. Ref. [42] provided a comprehensive
review of application scenarios for battery-supercapacitor HESS in MGs, highlighting the benefits of
hybridization in improving PQ and energy resilience. Ref. [43] focused on the modeling of a
bidirectional buck-boost converter in EVs for V2G applications. This setup diverts high-frequency
power fluctuations to the supercapacitor, thereby prolonging battery life and stabilizing current flow.

Aissa Assas (Robust LQR Control Design for High Efficiency Battery Supercapacitor Hybrid Storage Systems)



International Journal of Robotics and Control Systems
Vol. 6, No. 2, 2026, pp. 1405-1425

ISSN 2775-2658 1407

Furthermore, Ref. [44] investigated control strategies for a standalone DC-MG comprising PV,
battery, and supercapacitor elements, providing various approaches for coordinating power delivery
and maintaining SOC balance. In another study, Ref. [45] examined heuristics-based power
management in PV systems with hybrid battery-supercapacitor storage, showing promising results for
real-time control under uncertain conditions. Ref. [46] also contributed a variable structure-based
control technique for a fuel cell-battery—supercapacitor hybrid electric vehicle system, which
dynamically adjusts control actions based on system states to enhance performance during transient
operation.

In this paper, we propose a robust control framework based on the LQR, specifically designed
for managing a HESS in a stand-alone PV system. We aim to enrich this growing research area by
applying a robust and efficient method to improve HESS control and management. The paper's
structure is as follows: Section 2 describes the DC grid configuration. Section 3 outlines the proposed
method and presents the LQR-based control analysis of the HESS. Section 4 discusses the simulation
results. Finally, Section 5 offers conclusions and perspectives.

2. DC Grid Configuration

The standalone system consists of PV panels supported by a HESS. The latter is a composition
of batteries and supercondensers. Using an MPPT algorithm, a boost converter extracts the maximum
power from the PV panels. Also, the converter is used to connect these panels to the DC bus. Each
element of the hybrid storage system is connected to the DC bus using a buck-boost converter to
provide power exchange with this DC bus, as shown in Fig. 1.

Ly
PV i S J_ f
Panels rp\' " '|— ¢ \lldc

‘ Sw, I

Super-
‘ Sw A v P

Batteries sc | |capacitor

Fig. 1. Addressed system

Due to a mismatch between solar panel generation and variable load demand, the DC bus voltage
was maintained at a constant level. When the PV panels' generation exceeds the demand, the DC bus
voltage increases compared to its reference value. Therefore, the HESS will charge to absorb the
excess power. Similarly, when the PV panels' generation is lower than the demand, the DC bus voltage
decreases from its reference value. Consequently, the HESS system discharges to supply the power
deficit. The variables L,,,, I,, and I, represent the PV panel, battery, and SC currents, respectively.
Additionally, V,,, V},, and V. represent the PV panels, batteries, and SC voltages, respectively. And
Lpy, Ly, and Ly, represent the filter inductances of the boost converter, battery, and SC converters,

respectively. Vp is the DC bus voltage, C is the filter capacitance, and R is the load resistance. S, 1,
Sw2> Sw3» Swa, and S5 are control switches as shown in Fig. 1.
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3. Control Scheme of the Investigated System
3.1. Overview of the LQR

The goal of an LQR approach is to minimize the following quadratic performance index (J): [41],
[42].

] = Jw(xT(t)Qx(t) +uT (ORu(t))dt (1)
0

or in discrete form:

N
J = E(xT(k). Q.x(k) +uT (k). Q. u(k)) @)
0

where Q and R are positively defined weighting matrices.

The challenge is to find a control law u (k) that minimizes the cost function J, which is the optimal
quadratic problem. The discrete state-space system is [47]:

{x(k + 1) = Ax(k) + Bu(k) .
y(k) = Cx(k) + Du(k) (3)

For each state, the optimal solution is:

u(k) = —K(k) = =R 1BTPx (k) 4)

P is the only positive semi-definite matrix solution of the following Ricatti matrix equation [43]:

ATP + PA—PBR™BTP+Q =0 (5)

The system must be a priori observable and controllable. The purpose of this control is to reduce the
cost function, which includes all state-space variables. The most significant benefit of using an LQR
controller is that the system becomes asymptotically stable in a steady state.

Suppose the rank of the system matrix 4 is such that rank (A) < 2. Inthat case, it is necessary
to increase the matrices (in terms of size or number) to complete state feedback control plus integral
without altering the system characteristics. The augmented state-space model matrices are defined as
[48]:

Ag=14; —C| (6)
Ap =144 ; zero(n+1,1)] (7)
B,=1B; 0 (®)
The optimal solution becomes:
u(k) = —K (k) = —R71B)," Px(k) ©)
The Ricatti matrix becomes:
Ay"P + PA, —PByR™'B,"P+(Q =0 (10)

The system must be a priori observable and controllable. The purpose of this control is to reduce
the cost function, which includes all state-space variables. The most significant benefit of using an
LQR controller is that the system becomes asymptotically stable in a steady state.
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After the resolution of the cost function /, subject to (3) and the Ricatti matrix (10), an optimal

K matrix is obtained with the augmented matrices, which defines all the control diagram constants
shown in Fig. 2 [49].

K; = K(1:n) (11)

K, =K +1) (12)

y(®)

r(k) QDe(k) 1
; S §
A

Fig. 2. Block diagram of LQR with integrator

3.2. Control of the HESS using LQR

The block diagram of the HESS control using LQR is shown in Fig. 3. The control strategy is
based on decomposing the total current signal and implementing a low-pass filter [4]. Initially, the DC
bus voltage V. is compared to the reference value V¢ . The resulting error is then passed to the

integrator and the K, controller. The latter generates the desired total current reference, Itot ref, to
the ESS. This current is decomposed into a component of the low-frequency Iy ¢ . and a component
of the high-frequency Iyp¢ rer. The low-frequency part is given as follows [50]-[52]:

ILFC_ref = fLPF(Itot_ref) (13)
where f; pr is the low-pass filter function.
Ip
Vac_refr ILrc_ref
S| 1 SW,
N 5 K,, fLpF fre |7 PWM S%W
3
1 ot_re
Vdc e Ib_re f
Ib_err
+)¢ Ib
Vi
Vsc
SW,
Isc_ref PWM m
5

Fig. 3. HESS control using LQR
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Since the energy storage system has a maximum charge and minimum discharge, it is necessary
to control the charge/discharge of batteries by inserting a rate limiter, which provides the reference
current to batteries as follows:

Ib_ref = fRL(ILFC_ref) (14)
where fg; is the rate limiter function.

After that, the battery reference current is compared to the battery measured current, and the
difference is reported to the integrator and controller K;;,. The negative sum of (15) generates the duty
ratio of the batteries, Dy4¢. Finally, to generate switching pulses for the battery switches (S,,, and
Sw3)> Dpay 1s delivered to the PWM generator [53].

1
Dpar = _Ib_err (; + Kpb) - Kpbx (15)

The high-frequency component is given as:

IHFC_ref = Itot_ref - Ib_ref (16)

Therefore, the uncompensated battery current I, , is given as follows:

Iuc_b = IHFC_ref + Ib_err (17)

The uncompensated battery power Py, 5, is given as follows:

Puc_b = Iuc_b * 1y (18)

The uncompensated battery power must be compensated by the supercapacitor, as indicated by the
following equation:

Puc_b = Isc_ref * Ve (19)
where I/, and V. are the voltages of the batteries and the supercapacitor, respectively.

From (17), (18), and (19), the reference supercapacitor is given as follows:

Vy
Isc rer = (IHFCref + Iberr) T (20)
SC

Similarly, the supercapacitor reference current is compared to the supercapacitor measured
current. The difference is passed to the integrator and the controller Ki.. The negative sum of (22)
generates the duty ratio of the supercapacitor Dg.. Lastly, to generate switching pulses for
supercapacitor switches (S,,4 and S;5), D, is delivered to the PWM generator.

Isc_err = Isc_ref — I, (21)

1
Dy = _Isc_err (; + Kpsc) - Kpscx (22)

3.3. Design of Current LQR Control of SC
The state-space model of the supercapacitor is given by (23) and (24) [54]-[58].

0 1 0

= |ma-Di? el 1
LsCy R, Cs| ' %€

jSC

+

Vs (23)

LsC;

Vdc
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where Lg is the inductance of the buck-boost converter of the supercapacitor, Cris the DC bus
capacitor, and R, is the resistance of the load.

The state space matrices of the supercapacitor model become:

0 1 0 2V
Ag=|z0mDe? 1 f; By=| 1 L6 =[50 Volr|; Dy =0
LsCs RiCs LsCs L

Since the rank of A5 is n = 2, augmenting the matrices to complete the state feedback control plus
integral without changing the system characteristics is necessary. The state space matrices of the
supercapacitor model become:

Asc = |Ag; zero(3,1)] (26)
Bsc = |Bs; 0] (27)

The optimal control law is written as follows:

usc(k) = =K. (k) = _Rsc_lBscTPscxsc(k); k=123 (28)

The Ricatti matrix becomes:

AscTPsc + PscAge — PschcRsc_lBscTPsc +Qsc=0 (29)

Following the resolution of the quadratic cost function J, subject to the state-space dynamics
defined in (26) and (27) and the algebraic Riccati equation (29), the optimal state-feedback gain matrix
K. was obtained using the augmented system matrices. This gain matrix encapsulates the feedback
control gains necessary for implementing the LQR strategy, as depicted in the control block diagram
of Fig. 2.

The gain matrix K, is structured as follows:
Kise = Ksc(1:2) (30)

Kpsc = sc(3) (31)

Here, K;s. corresponds to the feedback gains associated with the system states, while Kp is the
gain applied to the integrator state, ensuring proper regulation and improved steady-state performance.
Through iterative simulation and tuning, the optimal weighting matrices for the LQR design were
identified as:

Q = Diag(1,1,1); R = 0.0001

These selected matrices reflect a design trade-off that places equal importance on the state
variables while penalizing control effort modestly. The resulting controller provides a well-balanced
dynamic response characterized by fast settling time, minimal overshoot, and negligible steady-state
error, as validated by the transient performance data presented in Table 1.

Using MATLAB's LQR solver, the numerical solution for the optimal gain matrix K. was found
to be: Kjs. = 10° % |0.0215 —2.1476/; Kpsc = —100.00. These gain values serve as the control
parameters for the LQR-based feedback controller in the HESS. They are directly applied in the
system’s real-time control implementation, as shown in the schematic of Fig. 6, enabling effective
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regulation of the battery-supercapacitor power-sharing mechanism under varying operating
conditions.

Table 1. Transient time characteristics for different values of Q and R

Q R Rise Time Settling Time Overshoot % Steady-State Error
1 0.01 0.0283 0.0552 0 0.0014

1 0.001 0.0022 0.0195 1.61 1.61E-06

1 0.0001 0.0013 0.0034 4.99 1.03E-06

1 0.00001 7.50E-04 0.0021 4.29 9.42E-04

5 0.0001 8.46E-04 0.0025 4.27 4.01E-04

10 0.00001 7.50E-04 0.0021 4.29 9.42E-04

These matrices contain all the necessary data to assign the values of all LQR parameters in the
control diagram shown in Fig. 4. It presents a detailed analysis of the supercapacitor current dynamics
under various configurations of the LQR weighting matrices ¢ and R. The transient responses
highlight how parameter tuning influences the control system's ability to swiftly and effectively
suppress power fluctuations. Specifically, increased values of Q enhance the system's emphasis on
state regulation, leading to faster convergence and reduced overshoot in the SC current, whereas
variations in R modulate the control input magnitude, affecting system responsiveness and stability.
This figure substantiates that optimal selection of these weighting matrices is crucial for achieving a
balanced trade-off between rapid dynamic response and minimal energy exchange oscillations in the
supercapacitor, ultimately augmenting the system's capacity to buffer transient power disturbances in
renewable energy applications.

1.2 T T T 1.2 T T
Q=1,R=0.00001 /\ﬁ
1»T\
j-% _— Q=5,R=0.0001
0.8
1
3 €06
e . 0.95
8 2 Q=1,R=0.0001
Q=10,R=0.0001
0.9
0.4
085 | | I |
0 0.002 0.004 0.006 0.008 0.01
0.2
0 . . . . \ . , . . 0 . . . . . . . | .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 008 0.09 0.1 0 0.01 0.02 0.038 0.04 005 0.06 0.07 0.08 0.09 0.1
Time (seconds) Time (seconds)
(a) (b)

Fig. 4. The transient responses of the SC current with (a) Q constant, R variable, (b) @ variable, R constant

Table 1 summarizes the transient time characteristics for different values of Q and R. As seen,
the response time improves with a decrease in R. Additionally, the settling time is improved with a
reduction in R, while the overshoot is enhanced with an increase in R. As seen, the response time
improves with a decrease in R. Additionally, the settling time is improved with a reduction in R, while
the overshoot is enhanced with an increase in R.

3.4. Design of Current LQR Control of Batteries
The state space model of the battery is given by the equations (32) and (33) [59], [60].

. 0
L I /P s I L I I (32)
Ve L,C; R/ C; del LGy
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where Ly, is the inductance of the buck-boost converter of the batteries; Cr is the DC bus capacitor;
and R; is the resistance of the load.

The state space matrices of the battery model become:

0 1 0 2V,
Ap = |z0=Dp)*  -1]; By = Gy = |R—° Von|; Dy =0
LyCy RiCy LpCy !

Since the rank of 4j, is n = 2, augmenting the matrices to complete the state feedback control plus
integral without changing the system characteristics is necessary. The state space matrices of the
supercapacitor model become:

Aper = |Ap;  —Cp| (34)
Ape = VAper; zero(3,1)| (35)
Bpe = |Bp; O] (36)
The optimal solution becomes:
usc(k) = =Ky (k) = =Ry "B  Ppxp(k); k=123 (37)
The Ricatti matrix becomes:
A,TP, + PyA, — P,ByR, 1B,TP, +Q, =0 (38)

After the resolution of the cost function J, subject to (35), (36), and the Ricatti matrix (38), an
optimal matrix K}, is obtained with augmented matrices, which define all the constants of the control
diagram shown in Fig. 5.

Kip = Ky (1:2) (39)

Kpb = Kb (3) (40)

Iy ref Q e(k) I
- S
A

Fig. 5. The batteries are controlled using LQR

Similarly, after numerous simulations, the estimated best values for matrices Q and R are: Q =
diag(|5 5 5|and R = 0.01. These parameters enable the system to exhibit good performance,
characterized by smooth and quick transitory reactions, low overshoot, low steady-state error, and
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stability. Using a MATLAB program to solve the LQR problem for Kp: K;, = 10° %
[0.0086 —1.0616|, and K,;, = —22.3607.

3.5. Design of Current LQR Control of HESS

The state-space model of the voltage control from the supercapacitor’s inductor current to the
output voltage is given by [61]-[63]:

. -2 1
Ve = Vo + —V (41)
© RG ReCr
I = 2LS + RfZCf(l - Dsc)2 + LV (42)
5 (1 — Dso)Rs Gy ® 7 ReCr(1—Dyo) €

The state space matrices of the battery model become:

—_—Z'B _ 1 _ 2Lg+R;%Cp(1-Dgc)? _ Ly
V' Rgcy” TV Rpcg” TV (1-Ds)ReCy 7V RpCp(1-Dgc)

Since the n = 1 rank of A,,, it is necessary to augment the matrices for complete state feedback control
plus integral without altering the system characteristics. The state-space matrices of the voltage control
model become:

Ayy = |4y; =Gy (43)
Ay = |Ap1; zero(2,1)] (44)
Byy = |By; 0] (45)
The optimal solution becomes:
uv(k) = _Kv(k) = _Rv_leTvav(k); k=12 (46)
The Ricatti matrix becomes:
Ay"P, + P,A, — P,B,R,'B,"P, + Q, = 0 (47)

After the resolution of the cost function J, subject to (43), (44), and the Ricatti matrix (47), an
optimal matrix K, is obtained with augmented matrices, which define all the constants of the control
diagram shown in Fig. 6.

Kiy = Kp(1) (48)

va = K} (2) (49)

After numerous simulations, as shown in Fig. 7, the estimated best values for matrices Q and R are:
Q =diag(]1 1|) and R = 0.0001.

These parameters enable the system to exhibit good performance, characterized by smooth and
quick transitory reactions, low overshoot, low steady-state error, and stability, as shown in Table 2.
Using a MATLAB program to solve the LQR problem for K;,: K, = 441.1724, and K,, =
—100.00. These matrices contain all of the data needed to complete the LQR control diagram in Fig.
7.

Fig. 7 exemplifies the efficacy of the LQR-based voltage control strategy in maintaining the
stability of the DC bus voltage under conditions of significant load variability and fluctuating solar
irradiance. The plotted waveform illustrates that, despite dynamic changes in load demand, the control
scheme consistently sustains the bus voltage within a tight proximity to its predetermined reference,
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reflecting high control precision and robustness. The rapid response to transient disturbances
underscores the controller’s capacity to adaptively modulate power exchanges between the energy
storage components and the PV generation source, ensuring a resilient and reliable power supply in
the face of renewable intermittency and load uncertainty, which are inherent challenges in sustainable
microgrid operation. Table 2 summarizes the transient time characteristics for different values of Q
and R.

I~ Q=1,R=0.0001

08} ANS
@=1,R=0.0001
Q+1,R=0.0001
o 06 o
g g
S o4l S
Q=10, R=0.0001
02F
Q=5, R=0.0001
(o I
0.4 :
0 0.005 0.01 0.015 0.02
02 A S I N S N S 02 A Y Y N i N ey S
0 0.01 0.02 0.03 004 0.05 0.06 007 0.08 0.09 0.1 0 0.01 0.02 0.08 0.04 005 0.06 0.07 0.08 0.09 01
Time (Sec) Time (Sec)
(a) (b)
Fig. 7. The transient responses of the voltage control with: (a) Q constant, R variable; (b) Q variable, R

constant
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Table 2. The transient time characteristics for different values of Q and R for voltage DC bus control using

LQR
Q R Rise time Settling time Over shoot % ss_error
1 0.00001 0.002493 0.9814 21.34% 0.0177
1 0.0001 0.0048 0.0166 11.1381 0.0175
1 0.001 0.2729 0.9825 0 0.0175
1 0.01 0.6571 0.9825 0 0.0175
5 0.0001 0.002962 0.9819 17.059 0.0179
10  0.0001 0.002493 0.9814 21.34 0.0172
15 0.0001 0.00332 0.9828 24.375 0.019

4. Simulated Results

The LQR controller designed in the previous section for the standalone PV system with hybrid
storage (illustrated in Fig. 1) was evaluated through two distinct simulation scenarios implemented in
MATLAB/Simulink and compared with the PI classic controller. In the first scenario, solar irradiation
was held constant at 800 W/m?, while a variable load profile was applied, enabling an assessment of
the controller’s responsiveness to dynamic power demand. In the second scenario, a constant load was
maintained while solar irradiation varied, allowing evaluation of the controller’s ability to adapt to
changing PV generation conditions.

4.1. Scenario 1: Variable Load and Constant Solar Irradiance

The solar irradiance was fixed at 800 W/m?, and the load varied between the minimum value
(200 W) and the maximum (1200 W), as shown in Fig. 8(a). The power generated by the PV source
is By, = 790 W. The waveforms of the different power sources, including the supercapacitor and
batteries, are shown in Fig. 8 (b). The voltage of the DC bus is equal to Vp =48 V, as shown in Fig.
8(b). Fig. 8(a) and Fig. 8(b) compare the two classic PID controllers and the LQR controller for
variations in PV power and load power. It can be observed that at t = 1, 2, and 3 seconds, there are
load fluctuations. This figure depicts the dynamic interplay of power flows between the PV source
and load under a loaded operational scenario with constant solar irradiance.
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Fig. 8. Simulation of the HESS under variable load P, and Py, : (2) with PI controller; (b) with LQR
controller

Fig. 9(a) and Fig. 9(b) compare the two classic PID controllers and the LQR for the variation of
battery power and supercapacitor power. It can be observed thatatt = 1, 2,and 3 seconds, there are
load fluctuations. The supercapacitor mitigates these fluctuations. During the dynamic regime, the
batteries continue to charge (when PB,, > Pj,qq) or discharge (when B, < Pjyqq) energy as
appropriate. Also, it can be observed that the battery management is better for the LQR controller than
the PI controller.
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Fig. 9. Simulation of the HESS under variable load P, and P, : (a) with PI controller, (b) with LQR
controller

Fig. 10(a) and Fig. 10(b) compare both controllers for the DC bus voltage under the fluctuation
of the load. It is clear that Fig. 10(b) is much more stable than the first. The LQR controller gives
much better results than the classic PI controller under variable load.
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Fig. 10. Simulation of the HESS under variable load DC bus voltage: (a) with PI controller; (b) with LQR controller

The graphical data demonstrate the system’s energy management, in which the supercapacitor
rapidly absorbs transient power surges to mitigate fluctuations, thereby providing fast-response
buffering. Concurrently, the battery supplies or absorbs energy to address sustained power imbalances,
facilitating efficient energy utilization and stabilizing the DC bus voltage. This coordinated energy
management exemplifies the effectiveness of the LQR controller in optimizing power sharing,
minimizing pulsations, and enhancing overall stability, which are crucial for ensuring the reliable
operation of RESs under variable conditions. And, it’s better than the PI controller.

4.2. Scenario 2: Constant Load and Variable Solar Irradiance

The second scenario is performed under different solar irradiation values (800 W/m?, 700 W/m?,
600 W/m?, 500 W/m?), as shown in Fig. 11.
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Fig. 11. Simulation of the HESS under variable irradiance: Solar irradiance
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Fig. 12(a) and Fig. 12(b) present the variation of Ppv and Pload for both controllers, the PI classic
and the LQR controller. It can be observed that the load variation is more stable for the LQR controller
than the PI controller.
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Fig. 12. Simulation of the HESS under variable irradiance P, and Pj,44: (a) with PI controller; (b) with LQR
controller

Fig. 13(a) and Fig. 13(b) compare the variation of power batteries and supercapacitors. It can be
observed that, from t = 0 s to 1 s, the PV power is; the battery entirely supports the load. Next, the
battery power fluctuates in response to variations in PV power. If the available power is insufficient,
the battery is in its discharge phase to provide the required power. Otherwise, if there is a surplus of
PV power, the battery operates in charging mode, storing the excess PV generation for later use. Then,
the supercapacitor mitigates power source fluctuations, as seen at t = 1,2, and 3 s. Also, the LQR
controller yields better results, especially in battery management.
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Fig. 13. Simulation of the HESS under variable irradiance P,, and P,;: (a) PI controller; (b) LQR controller

Fig. 14(a) and Fig. 14(b) compare both controllers for the DC bus voltage under variable solar
irradiance. It is clear that Fig. 14(b) is much more stable than Fig. 14(a); the LQR controller yields
much better results than the classic PI controller under variable solar irradiance.

These figures provide a comprehensive simulation assessment of the HESS’s response to
fluctuating solar irradiance, thereby evaluating the efficacy of the proposed control scheme under
realistic renewable energy sourcing scenarios. The data reveal that, as solar irradiance varies
significantly, the LQR control strategy effectively maintains the DC bus voltage near its setpoint,
demonstrating robust voltage regulation amid input fluctuations, and it's better than the PI controller.
The power flow analysis demonstrates that the supercapacitor dynamically compensates for rapid
surges and dips in PV power, effectively smoothing transient energy fluctuations. Meanwhile, the
battery adjusts its charge-discharge behavior to accommodate longer-term energy variations. These
findings underscore the control system’s capacity to sustain stable, reliable operation in renewable-
dominant microgrids, effectively mitigating the adverse effects of intermittent solar radiation.
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Fig. 14. Simulation of the HESS under variable irradiance DC bus voltage: (a) with PI controller; (b) with
LQR controller.

5. Conclusion

This study demonstrates the effectiveness of the LQR for robust, optimal control of hybrid
energy storage systems in photovoltaic microgrids. Compared with the PI classic controller, the LQR
approach offers several distinct advantages. Primarily, it offers a systematic and principled
framework for balancing the competing objectives of rapid response and control effort via adjustable
weighting matrices, thereby enhancing system stability and adaptability. Additionally, the LQR
guarantees a globally optimal solution by minimizing a quadratic cost function, resulting in superior
dynamic performance and robustness against parameter variations and external disturbances. Its
straightforward design procedure, free of the complexities associated with pole assignment,
facilitates easier implementation and scalability in real-world microgrid applications. Overall, the
LQR-based control strategy significantly improves power fluctuation attenuation, response speed,
and system reliability, making it a preferable choice for advanced energy management in renewable-
integrated microgrids over conventional pole-placement methods. In light of these outcomes, future
research avenues include experimental validation of the control framework in real-world settings,
adaptive tuning strategies for system parameters in response to unforeseen disturbances, and the
integration of advanced predictive algorithms to enhance system resilience and operational efficiency
further. Overall, this work contributes valuable insights into the development of intelligent, reliable,
and sustainable energy management systems for next-generation microgrids.
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List of Abbreviations

RESs Renewable energy sources

ESSs Energy storage systems

HESSs Hybrid ESSs

FLC Fuzzy logic control

SMC Sliding mode control

EVs Electric vehicles

V2G Vehicle-to-grid

PQ Power quality

R; The load resistance, €2

Lpy Photovoltaic panel current, A

Isc Supercapacitor current, A

Vy Battery voltage, V

Cr The filter capacitance, F

MGs Microgrids

fipr The low-pass filter function

Dpar The duty ratio of batteries

fre The rate limiter function

Ve The DC bus voltage, V

WP Wind power

I, Battery current, A

PV Photovoltaic

Pyat The power of the batteries, W

By The power of the PV source, W

Py, The power of the supercapacitor, W
LQR Linear Quadratic Regulator

Ly The filter of the boost converter, H
RB-EMS Rule-based energy management system
D-MPC Dual-model predictive control

SMES Superconducting magnetic energy storage
SOC State of charge

PWM Pulse width modulation

Dy, The duty ratio of the supercapacitor

Vow Photovoltaic panel voltage, V

Vse Supercapacitor voltage, V

Lg. The filter of the supercapacitor buck-boost converter, H
MPPT Maximum power point tracking

Iipc ref The low-frequency reference current, A
Ly The filter of the battery buck-boost converter, H
Iyrpc ref The high frequency reference current, A
Ip rer Batteries reference current, A
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Liot rer The total reference current for ESS, A
Vac rer The DC bus reference voltage, V
Pioad The power consumed by the load, W
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