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ABSTRACT                                  
Initially the concept of a DC nanogrid was 

focused on supplying power to individual homes. 
Techno-economic advances in photovoltaic (PV) 
technology have enabled solar PV stand-alone 
nanogrids to power individual devices using device-
specific architectures. To reduce costs and increase 
accessibility for a wider range of people, a modular 
open-source system is needed to cover all applications 
at once. This article introduces a modular PV-powered 
nanogrid system, consisting of a do it yourself (DIY) 
PV system with batteries to allow for off-grid power.

The resultant open-source modular DC nanogrid can deliver DC power to loads of different 
voltage levels, which is possible because of the efficient and parametric energy management system 
(EMS) that selects modes of operation for the grid based on DC bus voltage and state of charge of 
batteries. Simulation results verify the coordination between the EMS and the PV-battery system 
under varying PV power generation and load conditions. This EMS has potential to enable easy 
personalization of a vast area of applications and expand appropriate technology for isolated 
communities. A thorough stability analysis has been conducted, leading to the development 
of an LQR (Linear Quadratic Regulator) controller as a replacement for the conventional PI 
(Proportional - Integral) controllers for better transient stability of the system. 

NOMENCLATURE:

SoC  State of charge.
Kp   Proportional gain.
Ki   Integral gain.
Zocl   Closed loop output impedance.
Zicl   closed loop input impedance.
Zbus   Total bus impedance.

J  cost function.
Q  state weighting matrix.
R control weighting matrix.
K  LQR gain matrix.
P   Unique positive definite solution of the       
algebraic Riccati equation (ARE).
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منظومات خلايا شمسية مفتوحة المصدر مدمجة مع شبكات نانونية ونظام إدارة فعال 

متكبر رحمن*1، جوشا بييرس 2.  

ملخ��ص: بداي��ة رك��ز مفه��وم الش��بكة النانوي��ة للتي��ار المس��تمر )DC( عل��ى تزوي��د المن��ازل الفردي��ة بالطاق��ة. وق��د مكن��ت التط��ورات في 
مجال التكنولوجيا الكهروضوئية )PV(  من تش��غيل الأجهزة الفردية باس��تخدام بنى محددة للجهاز نفس��ه وباس��تقلال تام بواس��طة 
الطاق��ة الشمس��ية. لتقلي��ل التكالي��ف وزي��ادة إمكاني��ة الوص��ول إلى مجموع��ة أوس��ع م��ن الأش��خاص، نحت��اج إلى نظ��ام مفت��وح المص��در 
ومعياري لتغطية جميع التطبيقات في وقت واحد. يقدم هذا المقال نظامًا نموذجيًا للش��بكة النانوية المدعومة بالطاقة الكهروضوئية 
)PV(، يتك��ون م��ن نظ��ام »افعله��ا بنفس��ك« )DIY( لأل��واح الخلاي��ا الشمس��ية م��ع بطاري��ات للس��ماح بالطاق��ة المس��تقلة خ��ارج الش��بكة 
التقليدي��ة. يمك��ن للش��بكة النانوي��ة المعياري��ة ومفتوح��ة المص��در أن توف��ر طاق��ة التي��ار المس��تمر )DC( لمختل��ف مس��تويات الجه��د، وذل��ك 
بفض��ل نظ��ام إدارة الطاق��ة )EMS( الفع��ال وال��ذي يخت��ار أوض��اع التش��غيل للش��بكة بن��اءً عل��ى جه��د ناق��ل التي��ار المس��تمر )DC( وحال��ة 
الش��حن في البطاري��ات. وتؤك��د نتائ��ج المح��اكاة التنس��يق ب��ن نظ��ام إدارة الطاق��ة )EMS( ونظ��ام البطاري��ات في ظ��ل ظ��روف تولي��د 
الطاق��ة الكهروضوئي��ة المتغ��رة. يتمت��ع نظ��ام إدارة الطاق��ة ه��ذا بإمكاني��ة تمك��ن التخصي��ص الس��هل لمجموع��ة واس��عة م��ن التطبيق��ات 
وتوس��يع نط��اق التكنولوجي��ا المناس��بة للمجتمع��ات المعزول��ة. تم إج��راء تحلي��ل ش��امل للاس��تقرار، مم��ا أدى إلى تطوي��ر وح��دة تحك��م 
LQR )منظ��م تربيع��ي خط��ي( كبدي��ل لوح��دات التحك��م التقليدي��ة PI )التناس��بية-التكاملية( لتحس��ن الاس��تقرار المؤق��ت للنظ��ام. 

1. INTRODUCTION

A The United Nations has stressed the critical importance of modern energy services access 
through its Sustainable Development Goal (SDG) 7, which seeks to provide access to affordable, 
reliable, and sustainable modern energy for all people on earth [1]. The world has made some 
progress on this front, as the number of people without access to electricity declined from 1.2 
billion in 2010 to 759 million in 2019 [2]. These numbers, however, can be misleading as Ayaburi 
et al., estimate that 3.5 billion people lack “reasonably reliable” access to electricity services [3]. 
Extending the electric grid is costly [4],[5] and even providing full power with PV and backup 
to a building can be cost prohibitive despite the clear benefits that it brings [6]. Recent decreases 
in PV costs  [7], [8]  offer economically viable power for a range of contexts [9], [10], but high 
initial investment requirements (particularly for electrical storage that still must decrease for 
widespread adoption [11]) and technical complexity created barriers to adoption for most 
consumers. The potential for providing device specific power is a way that can expand reasonably 
reliable electricity services to billions of people. 
     Although the initial idea of the nano grid was for supplying power to individual homes 
[12], with technical and economic advances in solar photovoltaic (PV) technology, stand-alone 
nanogrid is also used to power individual devices. For example, the on-site solar-powered LED 
street light project has been designed with PV modules mounted on the top of a pole, with batteries 
and controllers equipped in a box [13], [14]. Solar-powered electric vehicles (EV) chargers 
with distinguished architectures have been developed [15], [16]. Solar PV and solar thermal 
collector-based complete water desalination systems [17], and solar-powered air conditioning, 
refrigeration, and water cooling [18], [19] have been proposed. Similarly, solar irrigation systems 
have been designed to supply PV-generated power to single-phase motor/pump [20], [21]. Some 
similar developments are solar-powered cellular base stations [22], and solar-powered extruders 
[23] and 3-D printers [24], [25]. These single-device solutions introduced new architectures for 
each device, rather than a single modular parametric solution that could work for all devices. 
Consequently, they were unable to leverage the scale of PV production, resulting in higher costs. 
Furthermore, these examples suggest that most of these loads or devices operate on DC, but their 
PV solutions involve unnecessary conversion from DC to AC and then back from AC to DC. To 
reduce costs and increase accessibility for a wider range of people, a modular open-source system 
is needed to cover all applications at once.
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Fig. 1. Architecture of DC nanogrid.

To do this, this article introduces a modular PV-powered nanogrid system [26] with batteries to 
efficiently deliver DC power to loads operating at various voltage levels . It is licensed open source 
under GNU GPLv3 and CERN OHL-S v2. The novelty of this work is the energy management 
system (EMS), which employs parametric controls and selects optimal operating modes for the 
grid based on the DC bus voltage and battery state of charge (SoC). This setup enables the PV 
converter, bidirectional battery charging converter, and load converter to operate independently, 
following commands issued by the central EMS. These units will be interconnected in a 
modular fashion to a common DC bus, enhancing the overall robustness and flexibility of the 
solution. Additionally, this arrangement can facilitate the implementation of various charging 
and maximum power point tracking (MPPT) algorithms easily. This open-source EMS design 
can serve as a versatile and customizable solution for both current and future solar-powered 
individual devices. Additionally, a comprehensive stability analysis has been conducted to assess 
the system’s stability. In addition, an LQR controller has been designed to enhance system stability 
and performance. 
The remaining sections are structured as follows: Section 2 presents a concise elucidation of 
the configuration and EMS of the DC nano grid. Section 3 outlines the design procedure of 
the controllers and their specifications. Section 4 encompasses the time domain simulation for 
three distinct scenarios. Section 5 provides comprehensive stability analysis of the bus voltage 
in the presence of disturbances utilizing impedance scanning and Fast Fourier Transform (FFT) 
analysis. Section 6 demonstrates the implementation of an advanced Linear Quadratic Regulator 
(LQR) controller to mitigate oscillations on the DC bus. Finally, Section 7 summarizes major 
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contributions, and outlines future research plans.

2. METHODS

A. System Architecture:
In the nanogrid architecture (Fig. 1), a 2kW boost converter is used to interface the PV system 
with the DC bus. On the other side, a bidirectional buck-boost converter of 5kW and three buck 
converters (total 1.6kW) connect respectively a lithium-ion (li-ion) battery and loads of different 
voltage levels to the grid. [27], [28]. 
In choosing the appropriate DC bus voltage for DC nanogrid, some consideration has been made 
to ensure user safety, efficiency, and cost saving. Among different low voltage levels ranging from 
12V to 100V, 48V voltage level is found to be the best choice for the nanogrid in terms of cost and 
performance [29]. The nanogrid is also modelled in such a way, that the generation can easily 
be scaled up by connecting PV modules and their interface converters with the bus. Similarly, 
additional batteries can be introduced with a bidirectional converter to support any expansion of 
loads or storage requirements. The centralized control by the energy management system (EMS) 
can accommodate any variation in DC load and weather conditions. Thus, this paper introduces 
the modular and adaptive architecture of a PV system with free and open source software [30]. 
However, it is crucial to ensure that the cumulative ratings of the solar panels, batteries, and 
loads do not surpass the originally specified power limits of the nano-grid. The source code 
for this project is released under GNU GPL v3[31]. All simulations were performed in Matlab/
Simulink. All cases evaluated in this study are included in Simulink file format in the Open 
Science Framework repository. Open source development allows for rapid innovation [32], [33] 
and has been called for in the PV sector [34]. Additionally, the nanogrid variants can be used to 
power specific devices and solar powering of open source appropriate technology (OSAT) [35].

B. Energy Management System (EMS):
Previously, the power management systems used in nanogrids operate based on the battery 
voltage [36], while the DC bus voltage is used as an information carrier for mode selection [37], 
[38]. Other PV and battery parameters such as PV output power, SoC and power limit of the 
battery, DC loads, and the load demands are also used by the power management systems to 
decide the operation modes of the system [39]. In this EMS, decisions are made based on DC bus 
voltage and SoC of battery.
Usually, a DC nanogrid has three different operation modes: 1) power surplus, 2) deficit and 
3) battery isolation, based on the instructions given by the EMS [40]. In addition, the EMS 
coordinately controls [41] all the interface controllers in a centralized manner by providing three 
different output signals: 1) battery charging/discharging signal, 2) battery isolation signal and 3) 
PV converter control signal. The upper limit of bus voltage for the surplus mode is selected to be 
48+10% (52.8V) and the lower limit for deficit mode is 48-10% (43.2V). Finally, the decision on 
idle mode (isolation of battery) is made on the upper and lower limit of SoC of battery [42]. The 
depth of discharge for battery has been chosen to be 60% [49],[50] and based on that the lower 
limit of SoC is 35% and upper limit 95% are selected. The EMS generates all control signals based 
on the algorithm depicted in Fig. 2. The entire system is simulated using SIMULINK, and the 
EMS algorithm is implemented as a MATLAB function.

3. CONTROLLER DESIGN 

A. PV Array Converter & Controller:
PV arrays are connected to a boost converter which operates on two modes: battery connected 
and battery isolation. In battery isolated mode where PV is radially connected to the DC load 
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without battery, the bus voltage is regulated by the boost converter. The controller in Fig. 3(a) is 
designed for this mode and has two closed PI loops. The outer loop regulates the DC bus voltage, 
and the inner loop maintains the VPV voltage, which minimizes the transients during load change.

                                         Table 1. Controller parameters of boost converter[45].
Parameter Boost Converter 

Max load power 2,000 W
Input voltage VS 30

Output voltage Vbus 48
Inductance (L) L1=30 μH

Output capacitor (Cout) C1= 680 μF
Proportional gain (Kp) 0.05

Integral gain (Ki) 7.5

On battery connected mode, the controller in Fig. 3 (b) uses MPPT alongside PI controller to 
maintain the PV arrays at VMPP to extract the maximum power from the PV array. A perturb 
and observe MPPT algorithm [46] has been used to allow the PV to supply maximum power 
under varying load condition and varying environmental conditions. For the source side boost 
converter, the proportional gain (Kp) and integral gain (Ki) are selected respectively (Kp= 0.05 and 
Ki=7.5) based on the step response closed loop transfer function of boost converter. 

B. Load Converter Controller:
Various loads with different voltage levels, such as 48V, 24V, 12V, and 6V, can be connected to 
the bus bar. Since the bus voltage remains relatively stable at 48V, loads operating at this voltage 
can be directly connected. However, for loads with other voltage levels, three buck converters 
equipped with PI controllers (as shown in Fig. 3(d)) are employed. The EMS is responsible for 
managing load variations and ensuring the stability of both the bus voltage and the load voltages.
To determine the appropriate settings for the load-side buck converters, the proportional gain 
(Kp) and integral gain (Ki) are carefully selected based on step response of closed loop transfer 
function of the converters. Detailed parameters for the buck converters can be found in Table 2.

              Table 2. Specifications of buck converters[45].
Parameter 24V Buck 

Converter 
12V Buck 
Converter 

6V Buck 
Converter 

Max load power 800 W 600 W 200 W
Input voltage VS 48 48 48

Output voltage V0 24 12 6
Duty cycle (d) 50 % 25 % 12.5 %
Inductance (L) L3=60 μH L4=30 μH L5=30 μH

Output capacitor (Cout) C4=220 μF C5=560 μF C6=820 μF
Proportional gain (Kp)   0.0003 0.001 0.0003

Integral gain (Ki) 7.962 23.47 15.2

C. Energy Storage System (ESS) Controller:
The battery is tied to the DC nanogrid by a bi-directional buck boost converter, which 
can regulate the power flow in either direction. In the power surplus mode, it acts as a buck 
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converter and the battery gets charged and as a boost converter in power deficit mode [47]–[49]. 
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In synchronous buck-boost converters, both switches S1 and S2 operate simultaneously, 
necessitating complementary gate pulses. To illustrate, the inverter symbol is annotated Fig.1. The 
battery charging controller has two independent PI loops for charging and discharging. When 
the battery control signal is set to logic 1, it facilitates battery charging and current flows from the 
DC link to the battery direction. In the event of logic 0, it enables battery discharging and current 
flow from battery to the DC link. The battery discharged only during power deficit mode which is 
defined by the bus voltage being below 48V. So, during this the power deficit mode, as depicted in 
Fig. 3(c), the controller conducts a comparison between the bus voltage and the reference voltage, 
initiating battery discharge and the bus voltage raised to 48V. Conversely, in the power surplus 
mode, the controller compares the battery voltage with the battery’s maximum charged voltage 
(VBH) to initiate battery charging. Considering the battery SoC is below the 95%, the battery 
voltage will be lower than the maximum charged voltage and the PI controller will compare them 
would try to charge the battery up to the maximum battery voltage and as soon as the battery SoC 
become beyond 95%, the battery will be isolated from the system. For the bidirectional converter, 
the proportional gain (Kp) and integral gain (Ki) along with other parameters are given in Table 
3 according to the phase margin (PM) and the gain margin (GM) for the charging mode found 
respectively (PM= 840, GM=21dB) and for discharging mode found (PM=900 and GM=25dB), 
respectively.

                           Table 3. Specifications of bidirectional buck boost converter.
Parameter Charging mode Discharging mode

Max load power 5,000 W 5,000 W
Input voltage Vbus = 48 Vbat = 24

Reference voltage VBH = 27.93 Vbus = 48
Inductance (L2) L2= 120 μH L2= 120 μH

Capacitor C3= 1000 μF C3= 1400 μF
Proportional gain (Kp) 0.0005 0.005

Integral gain (Ki) 2.5 3

4. SIMULATION RESULTS

To validate the effectiveness of the EMS and nanogrid, three distinct scenarios have been examined: 
(1) fluctuation in PV generation, (2) variation in load, and (3) battery isolation triggered by 
overcharge protection or low state of charge (SoC). This section presents time domain simulations 
of dc bus voltage and power flow for each case. The specifications of PV array and the battery 
bank under standard test conditions (STC) are given in Table 4. 

Table 4. Basic parameters of pv battery system under stc.
Parameters Values

PV maximum power ( MPPT
PVP ) 1532 W

PV maximum power voltage (VMPPT) 29.3 V
Battery capacity 200 Ah

Battery fully charged voltage (VBH) 27.94 V
Battery nominal voltage 24 V

Battery maximum charging current 20 A
Nominal discharge current 86.96 A
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A. Case 1: Variation in PV power generation:
In this case, the nanogrid operates under varying irradiance conditions, leading to fluctuations in 
PV generation. Based on the simulation results depicted in Fig. 4, initially the solar irradiation is 
set at 1,000W/m2, with an ambient temperature of 300K and a maximum PV output of 1,532W. 
Consequently, all DC loads listed in Table 5 are supplied by the PV source, while any excess 
power is directed towards charging the battery. 

Fig. 4. Case 1: PV power variation (a) power flows (PV, ESS and DC load) and (b) DC bus voltage.

At the 1.5 sec, there was a transition in irradiance to 700 W/m2, the PV output decreased to 1083 
W, yet the system continued to operate with a surplus of power. During this period, the battery 
was charged with an excess power of 83W. Subsequently, at the 3.5s, the irradiance was further 
reduced to 300 W/m2. The PV power output decreased to 462 W, causing the system to enter a 
power deficit mode. But the dc bus voltage remained steady at 48V throughout the simulation 
period.

Table 5. Constant dc load for case 1.
Voltage level Load

24 V load 576 W
12 V load 344 W
6 V load 80 W

Total 1000 W

B. Case 2: Variation in load:
Based on the simulation results at Fig. 5, the DC bus voltage exhibits stability even as the DC loads 
fluctuate in accordance with Table 6. Throughout the entire simulation, the power generated 
by the PV source remains constant at 775W, corresponding to an irradiance level of 500 W/
m2. Initially, the system operates in a power deficit mode since the load exceeds the PV power. 
Subsequently, a slight reduction in the loads to 800W at the 1.5sec leads to a decrease in the 
power supplied by the battery. The system, however, continues to remain in a power deficit mode. 
Finally, at the 4sec, a significant decrease in the load to 400W shifts the system into power surplus 
mode, allowing the system to charge the battery with 375W.



Modular Open Source Solar Photovoltaic-Powered DC Nanogrids with Efficient Energy Management System .

30Solar Energy and Sustainable Development, Volume (13) - No (1) . Dec. 2024

Fig. 5. Case 2: PV power variation (a) power flows (PV, ESS and DC load) and (b) DC bus voltage.

Table 6. Variable dc load for case 2.
Voltage level 0-1.5 1.5-34 34-46

24 V load 576 W 288 W 192 W
12 V load 144 W 232 W 72 W
6 V load 280 W 280 W 136 W

Total 1000 W 800 W 400 W

C. Case 3: Isolation of Battery:
During typical operational conditions, when the battery’s state of charge (SoC) remains within 
the prescribed lower (35%) and upper (95%) limits, the PV array diligently tracks the maximum 
power point voltage (VMPP) as provided by the MPPT algorithm. 
In scenarios characterized by power deficit mode when SoC is below 35% or power surplus mode 
when SoC is above 95%, the EMS takes measures to isolate the battery from the system. In these 
instances, the PV module acts as an independent power source, ensuring a continuous supply to 
the loads, while simultaneously maintaining the bus voltage at 48V. 
To confirm the isolation condition, the SoC of the battery is set at 94.995% and the system is 
operating in a power surplus mode (Ppv >Pload). 
The study considers the parameters outlined in Table 7. Fig. 6(c) illustrates that the battery 
becomes isolated from the system as soon as its SoC reaches 95% (at 2.4 seconds). The battery 
remains in isolation until the system transitions back into power deficit mode (Ppv < Pload) at 
4 seconds, triggered by a change in irradiance to 300W/m2. Subsequently, the battery initiates 
discharge.
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Fig. 6. Case 3: Isolation of battery (a) power flows (PV, ESS and DC load), (b) DC bus voltage and (c) 
SoC of battery.

                                    Table 7. Parameters for case 3.
Power mode 0-1.4 1.4-4 4-6
Irradiance 700 W 700 W 300 W
PPV 1083 W 600 W 462 W
DC load 600 W 600 W 600 W
PBAT -483 W - 138 W

The time domain simulation effectively demonstrates that the system and EMS consistently 
maintain the optimal power flow among the PV source, battery, and load across various scenarios. 
Furthermore, the bus voltage is maintained at 48V. During load and irradiance variations, however, 
notable fluctuations are observed in the bus voltage, primarily due to the interactions between 
converters and their resonant frequencies. Hence, in the subsequent section, a comprehensive 
stability analysis will be conducted to discern the underlying causes and develop alternative 
controllers to mitigate these transients effectively.

5. STABILITY ANALYSIS

In the time domain simulation, fluctuations in the bus voltage were noted when alterations 
occurred in the load and irradiance. In this section both impedance scanning and FFT analysis 
will be utilized to evaluate the stability of the DC nanogrid system and ascertain the reasons 
behind these voltage fluctuations.
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A. Impedance Analysis:
The impedance scanning has been used extensively with the Nyquist Plot to analyze the small 
signal stability of interconnected systems [50]. This method serves as a valuable tool for assessing 
the stability of converter-based interconnected systems, enabling the identification of harmonics 
originating from both sources and load converters. Moreover, it conducts a comprehensive 
analysis of the entire system by considering the input-output characteristics (impedance) of each 

subsystem [51]. To check the stability the whole system is into source side impedance 
S

Z  and 
load side impedance 

L
Z . In accordance with Nyquist theory, Small Signal Stability (SSS) can be 

determined by the ratio of S

L

Z
Z . The system is stable if the Nyquist plot of S

L

Z
Z   curve does not 

encircle (-1,0) point in the negative plane [52], [53]. To obstruct the circle and to insure the small 
signal stability, the source impedance should be much smaller than the load impedance of the 
converter within all frequency ranges, i.e., |

S
Z |<<|

L
Z | [54]. 

In the DC nano grid system, the open loop output impedance of the boost converter can be 
expressed as,

( )( ) .........(1)
1 ( )

o
oclZ

Z Ss
T S

=
+

Where the open loop output impedance of boost converter and bidirectional converter in (battery 
discharging mode) is,

2 2 ........(2)oZ
sLR

s LRC sL RD
=

′+ +
Loop gains T(s) of the boost converter with PI controller is,
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And since the source converters are connected in parallel so the total impedance can be written 
as the following:

1 2

1 2

.......(4)ocl ocl
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ocl ocl

Z ZZ
Z Z

×
=

+

On the other side, the closed loop input impedance of the buck converter can be expressed as 
[55],
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Where the open loop input impedance of buck converter and buck boost converter in (battery 
charging mode) is,

2

2

1 .....(6)
1i
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Loop gains T(s) of the buck converter with PI controller is,
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Similarly, the total impedance can be written as,
1 2 3

1 2 2 3 3 1
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Eventually the total DC bus impedance can be expressed as,
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...........(9)tsource tload
bus

tsource tload

Z ZZ
Z Z

×
=

+

The Nyquist plot of the source-to-load impedance ratio of DC nano grid presented in Fig. 7 
demonstrating a significant separation from the (-1,0) point. Consequently, it is evident that the 
system can be deemed stable.

Fig. 7. Nyquist plot of S

L

Z
Z

.

Moreover, upon examining the Bode plot of both the input and output impedance, it is evident 
that the magnitude of the source side output impedance consistently remains lower than that of 
the load side input impedance. 

(a)

(b)
Fig. 8 (a) Bode plot of source side impedance and load side impedance (b) Bode plot of the total DC bus 

impedance.
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This characteristic ensures the stability of the DC nanogrid across a wide frequency range. 
Analyzing the frequency response of the overall bus voltage in Fig. 8(b) reveals that the frequency 
mode responsible for the observed oscillation is 580Hz and 1300 Hz, closely aligning with the 
resonance frequency of the boost and bidirectional converter. Excluding these resonance peaks, 
however, results in the overall magnitude of the impedance response remaining within acceptable 
limits.
B. Fast Fourier Transform (FFT) Analysis:
From impedance analysis it is evident that oscillations are likely attributed to the interaction 
among the DC converters on the source side, as their resonance frequency is closer to the 
disturbance frequency range. It is, however, not possible to identify the exact source of disturbance 
from the impedance scanning. Thus, to identify the exact source of the oscillation, a Fast Fourier 
Transform (FFT) analysis is conducted [56]. Initially, an AC source with a frequency of 580 Hz 
and amplitude of 500mV is introduced to the source side of the boost converter. Subsequently, 
the DC bus voltage undergoes FFT analysis. The results of the FFT analysis indicate that the peak 
of the oscillation aligns closely with the frequency of the applied AC disturbance, confirming 
that the source converter is responsible for the oscillation in the DC bus voltage, specifically 
contributing to the 580 Hz oscillation on the bus.

Fig. 9. FFT analysis of the bus voltage under the disturbance on the boost converter’s input side.

6. LQR CONTROLLER DESIGN AND PERFORMANCE

As mentioned in the preceding section, both the boost converter and bidirectional converter have 
been identified as the underlying causes of the transients observed in the bus voltage. To address 
these oscillations and improve the stability of the DC nanogrid, the application of optimal control 
techniques is recommended [57]. Various optimal control methods are available, including the 
Linear Quadratic Regulator (LQR), Linear Quadratic Gaussian (LQG), and Model Predictive 
Control (MPC). For this particular study, the LQR control scheme will be employed, allowing for 
the control of the boost converter[58]. This control technique is different from conventional PI 
controller and requires small signal state space modelling of the converter to design the controller.
A. LQR controller design:
The boost converter can be represented by the following two equations in state space modelling.

........(10)
........(11)

x Ax Bu
y Cx Du
= +
= +



where input and output matrix are considered as,
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Using small signal modelling technique and after averaging and linearizing the state equations of 
the boost converter can be found,

1

1

1
2

1

(1 )0 (1 )
....(12)

(1 ) 1
(1 )

in

in

VD
L DLx x u

D V
c R c R c D
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−   − −  ×  × × − 



[0 1] [0] ...............(13)y x u= +

A controller is designed that produces optimal responses of the closed loop system, in the sense 
of minimizing a performance index or cost function J which can be defined as,

( )
0

.....(14)T TJ x Qx u Ru dt
∞

= +∫
where Q is the state weighting matrix and R is the control weighting matrix. The control signal 
is defined as,

..............(15)u Kx= −

The LQR controller gain matrix K must be determined in such a way that it enhances the 
performance of the system while minimizing a cost function J. The block diagram of the LQR 
controller is shown in Fig. 10.

Fig. 10. Block diagram of the LQR controller.

With K being the LQR gain matrix, which is given by,
1 .........(16)TK R B P−=

where P is the unique positive definite solution of the algebraic Riccati equation (ARE).
1 0 .....(17)T TA P PA PBR B P Q−+ − + =

By selecting a proper Q and R the LQR gain matrix can be obtained. However, the conventional 
LQR controller lacks an integral component, and since the boost converter itself does not possess 
an integrator, it is not possible to achieve a steady-state error of zero solely through state feedback 
control. To address this limitation, an extended version of the LQR controller is employed, 
incorporating an integrator. The error between the desired output and the actual output is fed 
into an integrator, resulting in the creation of a new state variable denoted as z . This new state 
variable is then multiplied by the integrator gain, represented as Ki, and subsequently added to 
the control input as shown in Fig. 11 [59].

Fig. 11. Block diagram of LQR controller with integral action.
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With the inclusion of integral, the control signal (u) becomes,

i ref ou K z Kx and z V V= − = −

So now the state equation with the integrator becomes,
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Now the gain matrix can be written as followings,

[ ] ............(20)dK K K= −

Q and R are selected arbitrarily based on the controller response, and using the MATLAB 
command the value of K matrix gain and integral gain is determined.
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B. LQR controller performance:
The new state z  is found by subtracting the measured output voltage of the boost converter from 
the reference. And the duty cycle of the boost converter, represented as d, can be determined 
based on the control input u generated by the LQR controller. The duty cycle is fed into a pulse 
width modulation (PWM) generator to generate the necessary pulses for the switch. Fig. 12 
illustrates a comparison of the response of the boost converter when controlled by both the LQR 
controller and the PI controller. 

Fig. 12. Output voltage response boost converter of the LQR controller and PI controller.
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The results clearly demonstrate that the LQR controller with integral control exhibits superior 
performance in attaining steady-state conditions at a faster time compared to the PI controller.
C. FFT analysis:
FFT response of the LQR controlled nano grid bus voltage still shows harmonics which has 
profound peak at 580Hz. However, with the replacement of the PI controller by LQR controller, 
the occurrence of harmonics is significantly reduced. This reduction is evident in the total 
harmonic distortion (THD) value, which decreases to 0.24% compared to the earlier value of 
0.41% obtained with the PI controller, suggesting that the LQR controller increases the transient 
stability of the nano grid.

Fig. 13. FFT analysis of the bus voltage under with LQR controller.

7. CONCLUSIONS

This paper presented a modular DC nanogrid which can serve as a flexible solution for current 
and future solar-powered devices. The key innovation lies in the energy management system 
(EMS), utilizing parametric controls and selecting optimal operating modes based on the DC 
bus voltage and battery SoC. The simulation results confirm effective coordination between the 
EMS and the PV-battery system under diverse conditions. The model facilitates easy integration 
of new PV panels and loads while maintaining the bus voltage at a stable 48V. Additionally, 
a comprehensive stability analysis ensures reliable system performance. Moreover, an LQR 
controller is designed to enhance stability and minimize harmonics, successfully reducing total 
harmonic distortion (THD) to 0.24%. The nano grid enables a personalized, generic model for 
various applications, such as off-grid isolated houses, businesses, camps, expedition vehicles, 
radar stations, and cellular towers. The potential of this open-source solar-powered nano grid 
extends to re-evaluating electrical technologies for isolated communities where traditional 
electrical service is unreliable or missing. The DC nano grid holds promise for widespread 
adoption, enhancing access to sustainable and efficient energy solutions.
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