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Abstract

The present work proposes a coordinated power distribution control of wind-energy fed self-excited induction generator (SEIG)

based low-voltage direct current (LVDC) autonomous microgrid. The battery and supercapacitor (SC) hybrid energy storage

system (HESS) is interfaced with the common 48 V LVDC bus using a parallel-active configuration through two bidirectional

converters. The prime idea of hybridization is to limit the instantaneous peak current demand and also to alleviate the

charge/discharge stress during transients, thus reducing the size of the battery. The developed autonomous LVDC system

with the supervisory power distribution control scheme (PDCS) is experimentally validated for different operating modes.

The comparative experimental result analysis substantiates the efficacy of the proposed PDCS along with seamless transition

between various modes.
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based low-voltage direct current (LVDC) autonomous microgrid. The battery and supercapacitor (SC) hybrid energy storage system
(HESS) is interfaced with the common 48 V LVDC bus using a parallel-active configuration through two bidirectional converters.
The prime idea of hybridization is to limit the instantaneous peak current demand and also to alleviate the charge/discharge stress
during transients, thus reducing the size of the battery. The developed autonomous LVDC system with the supervisory power
distribution control scheme (PDCS) is experimentally validated for different operating modes. The comparative experimental result
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I. INTRODUCTION

THE prime consensus of Energy Strategy (ES2050) urge the augmentation of renewable energy (RE) usage combined
with intensified electrification to meet the escalated power demand and establishment of a sustainable future [1]. Further,

after the Covid-19 pandemic, the global recuperation process made it mandatory to develop greener electrification systems,
leading to substantial rise in RE sector. In this context, renewable energy sources (RESs) such as wind and PV can play a
crucial role in bringing the synergy between power generation and the end-use demand in the global energy-mix and also
help in cruising down the CO2 emissions [2]. For enabling the transition from traditional power system to future smart grid,
renewable energy powered microgrid concept have been developed. In general terms, smart microgrids (SMG) are intelligent
and an aggregated system consisting of several heterogeneous distributed energy resources (DERs), storage systems, dispersed
loads (DLs) and power electronic converters. They are particularly deployed at the site of use and can seamlessly connect
and disconnect with utility grid [3], [4]. The power output from wind power generation being recurrent/intermittent calls
for inclusion of energy storage systems (ESSs) to fulfill the continuous load requirement [5], [6]. Amongst various energy
storage options, battery is widely used for addressing following tasks: (a) store the excess generated power; (b) assist in
fulfillment of load demand when generation is limited; (c) DC bus voltage regulation [7]. However, battery-based energy
storage system (ESS) suffers certain challenges such as low power density and fast battery health degradation due to high and
frequent charge/discharge rate in applications requiring instantaneous power [8], [9]. The negative impact due to aforementioned
drawbacks are characterised by battery state of health (SOH), can be seen from battery degradation analysis [10], [11]. Further,
higher c-rating and depth of discharge (DOD) expedite the capacity fading in batteries [12]. For systems requiring frequent and
high-rate charging/discharging, extra ESS or a buffer is essential to deal the surge current. Supercapacitor (SC) exhibits high
power density, yet lower energy density in contrast to battery allowing them well suited for short-term transients [13], [14].
The DC-bus voltage, battery, and SC current responses for step change in load and generation are delineated in Fig.1 (a) and
(b) respectively. The hybridization of energy storage using a combination of battery and SC has potential to circumvent the
demerits of battery usage as sole energy storage and improve the system overall efficiency [13]–[15]. With this motivation, the
possible architectures for assimilation of battery and SC in a microgrid or electric vehicle applications forming the hybrid energy
storage system (HESS) are evolved [16], [17]. Similarly, the development of power electronic converters, their interconnection
topologies, and the formulation of various control strategies are major research areas in a DC microgrid (DCMG). Depending
on the topology, power distribution approach can be developed to manage the power flow while ensuring proper performance
within the operational boundaries of DCMG. The operation of HESS in a LVDC microgrid demands for a coordinated control
and comprehensive power distribution control scheme (PDCS) to regulate the power flow reaping the individual merits of SC
and battery. Broadly, the DCMG power management control approach is classified into two major categories [16]–[19] i.e. (a)
rule-based techniques (RBTs) and (b) optimization based strategies (OBSs). Various RBTs are based on filtration [20], fuzzy
logic [21], dead-beat [22], sliding mode [23] and droop control [24]. The filtration based RBT involves an easy real-time
implementation with simple rules to decouple the high and low frequency components of the SC and battery current. But,
certain trade-off with parameter constraints (like time constant of low pass filter (LPF), control bandwidth etc.) should be taken
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Fig. 1: DC-bus voltage and battery, supercapacitor current response for (a) step change in load demand (b) step change in
generation
into account. Likewise, OBSs are categorized into two methods i.e. namely online and offline methods [25]. Unlike RBTs,
OBSs require large data storage, rigorous data training and complex mathematical computations.
Due to simplicity and easy implementation, filtration based RBTs with power management for a photovoltaic (PV) fed DCMG
is well explored in literature. Further, the integration of HESS either in a standalone or a grid-connected PV system are also
widely investigated in various research articles [14], [26]–[31]. However, the HESS integration with wind system is little
explored. As the power fluctuation associated with WPGS compared to a PV system is more due to rapid variations in wind
speed, the deployment of battery-SC based HESS is very essential. To mitigate these power oscillations and to reduce the size
of the battery, incorporation of SC along with battery is a promising solution in a wind energy fed DCMG for smoothing the
short-term as well as long-term power variations. In this article, an effort has been made to improve the overall performance
of the wind-driven LVDC microgrid with an integrated HESS. The system is capable of achieving proper power sharing at
different operating modes. The key contributions of this article are delineated below.

1) A parallel active HESS topology is integrated with a small-scale WPGS based LVDC microgrid. For proper design and
development of the LVDC microgrid, the bidirectional converters are designed and small-signal stability analysis is done.

2) In the HESS controller, the outer voltage loop generates the net reference current to maintain the DC bus voltage at 48
V. For generation of battery and SC reference current, the net current is splitted into average and dynamic part.

3) Further, in the proposed controller, the battery uncompensated current is diverted to the SC for quicker restoration of
DC bus voltage during dynamic instants. Thus, improving the overall system response.

4) The coordinated power sharing among the SEIG based WPGS and HESS with its charge/discharge control in the developed
LVDC microgrid is achieved during different operating modes. The PDCS regulates the DC bus voltage tightly during
sudden load and wind speed variations.

5) The proposed and conventional controller performance is verified in the developed HESS integrated LVDC test-rig. The
comparative result analysis is showcased for wind speed and load variation under normal operating modes (50% <
SOC < 90%).

6) Also, the PDCS is effective in handling battery protection mode as well as reduced power mode during load shedding.
The seamless mode transition and improved dynamic response confirms the effectiveness of the proposed PDCS.

II. LVDC MICROGRID ARCHITECTURE

A DCMG comprising the wind power generation system (WPGS), hybrid energy storage system (HESS) and DC load is
delineated in Fig. 2. The wind system is connected to the DC bus through a buck converter and by varying the duty ratio (Dbu),
the operating point of the WPGS can be aligned at the optimum point to extract the peak power. The HESS combines the
advantages of both battery and SC to overcome the intermittency associated with WPGS. Here, the both the storage units are
linked through a parallel active configuration of two bidirectional DC-DC converters. The autonomous DC microgrid mostly
leverage on HESS to regulate the DC bus voltage and also maintain the power balance during supply-demand disparity. The
aim of the design and implementation of the DCMG focuses primarily on stabilization of the DC bus voltage and development
of supervisory power distribution technique to coordinate DERs, storage and loads.The appropriate filter parameters of the
buck converter and bidirectional converters (BDC) are designed as shown below:

A. Design of Buck Converter Parameters for WPGS

By varying the duty ratio (Dw) of the buck converter, the operating point of the WPGS can be aligned at the optimum point
to extract the peak power. The design of the appropriate filter parameters are designed as per [32], [33]. The value of inductor
(Lw) is as follows:

Lw =
Vdc(1−Dbu)

∆Iw × fs
(1)
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Fig. 2: Circuit diagram of wind energy driven LVDC microgrid

where, Vdc = Dbu.Vd. The parameters Vd, Vdc, fs and Dbu depicts the input voltage, load voltage, switching frequency and
duty ratio of the buck converter respectively.

B. Design of Bidirectional Converter Parameters for HESS

The filter parameters of the bidirectional DC-DC converter are designed according to [32], [33]. Both the converters are
assumed to be operating in CCM mode. The minimum filter inductance (Lbat) and capacitance (Cdc) for the bidirectional
converter-I (BDC-I) can be calculated as [34]:

Lbat =
Vbat(1− Vbat

Vdc
)

fsw ×∆Ibat
(2)

Cdc =
VdcDbat

RL ×∆Vdc × fsw
(3)

where, Vbat, Vdc, fsw RL and Dbat represents the battery voltage, DC-bus voltage, switching frequency, load resistance and
duty cycle of the converter respectively. In the similar way, the filter parameter (Lsc) for the bidirectional converter-II (BDC-II)
can also be calculated. While designing these converters, inductor current ripple (∆I) and DC-bus voltage ripple (∆Vdc) for the
converters are limited to 10% and 1% respectively. The filter parameters are provided in Table. I. The control of the designed
buck converter and bidirectional converters by the comprehensive power management scheme (CPMS) is depicted in the next
section.

III. CONTROLLER DESIGN FOR LVDC MICROGRID

A. Controller Design of WPGS

1) MPPT Controller: To increase the efficiency of the hybrid system, performance of the MPPT controller plays a vital
role. Hence, to harness the optimum power from the WPGS irrespective of climatic conditions, a modified drift-free perturb
and observe (DF-P&O) maximum power point tracking (MPPT) technique is incorporated [35]. The DF-P&O MPPT avoids
drift under sudden wind speed change conditions.

2) Reduced Power Mode (RPM) Controller: Whenever wind power generation is excess than load demand and the SOC
of the battery is ≥ 90%, reduced power mode is activated and simultaneously, the battery controller is disconnected. This
controller is proposed for the protection of battery from getting overcharged and the operating point of WPGS is shifted from
MPP to a reduced power point. Similarly, for SOC ≤ 50% and wind power lesser than load demand, reduced power mode
along with load shedding is implemented to protect battery from deep discharging. Here, a cascaded two loop control of the
buck converter is implemented to maintain DC bus voltage constant.

B. Design of proposed controller for HESS

The proposed power management scheme mainly generates the reference current and maintains the DC-bus voltage. Initially,
the PDCS utilizes the existing control technique [36] for power distribution among the DERs, load and HESS. Then the proposed
HESS controller is thoroughly analyzed and designed, the steps are articulated below.
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Fig. 3: Small-signal model of bidirectional converter

1) Generation of reference current: The power balance among the DER, HESS and load present in the LVDC microgrid are
attained by maintaining a constant DC-bus voltage irrespective of different operating conditions. The DC-bus voltage regulator
generates the net reference current (inet(t)) to be drawn/supplied from/into the DC-bus in order to maintain the reference bus
voltage.

ve(t) = vdc ref (t)− vdc (4)

inet(t) = kp vdcve(t) + ki vdc

∫
ve(t) (5)

where, kp vdc and ki vdc are the PI controller gains. It can be inferred that inet(t) < 0 whenever ve is negative, which implies

Fig. 4: Small-signal model of HESS controller

that the DC-bus power is less than the load power and vice-versa. This characteristic of inet is used to determine different
operating mode of the LVDC microgrid. The power in the microgrid under various supply and load conditions should be
balanced as follows:

Pnet(t) = Pw(t)− Pload(t)− Ploss(t) (6)

where, Pnet(t) = Pbat(t) + PSC(t) is the total power required to regulate the DC-bus voltage, Pw is the wind power, Pload

is the load power, and Ploss is the total power loss in the DC microgrid. This net power is absorbed/supplied by the HESS
depending upon generation and demand disparity.
The net reference current is passed through a low-pass filter to extract the average current component as delineated in Eq.
(5). The LPF cut-off frequency is selected to be 5 Hz. The rate-limiter restricts the charge/discharge rates of the battery bank
within the safe limits.

iavg(t) = ibat ref = inet(t).
ωc

ωc + s
(7)
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itra(t) = (1− ωc

ωc + s
)inet(t)︸ ︷︷ ︸

ihfc

+

(
vbat
vsc

)
ibat err︸ ︷︷ ︸

iosc

(8)

The former part in Eq. (8) represents the high-frequency component (ihfc(t)) and the latter part depicts the oscillatory component
(iosc(t)) in which uncompensated battery current or battery error current is taken into account. The PDCS allocates the transient
component (itra(t)) to the SC which is given in Eq. (8). The diversion of uncompensated battery current to the SC improves
the system response and helps in quicker restoration of the DC-bus voltage. The generated supercapacitor and battery reference
currents are compared with the actual currents (Fig. 6). The error signals are fed through the PI controllers for generation
of duty ratios (i.e. Dbat in case of BDC-I and DSC for BDC-II), which are used to generate switching pulses for both the
converters.

2) Small-signal and Stability Analysis of the LVDC microgrid: After the formulation of reference current, the foremost step
towards design of controller is the small-signal analysis of the converter. For both the bidirectional converters (BDC) depicted
in Fig. 2, the control switches S1, S2 and S3, S4 operates in complementary manner to each other. Thus, both the BDC
share similar transfer function during boost as well as buck mode having same small-signal model which is shown in Fig. 3.
For this analysis, the boost mode operation is taken into account to make it simple, clear and concise. As, the SC exhibits
quicker dynamic response in comparison with the battery, the PI controller parameters are designed according to the SC stage.
Therefore, the averaged state-space equations of only BDC-II is considered and derived as follows.

LSC
diSC

dt
= vSC(t)− (1− dSC(t))vdc(t) (9)

Cdc
dvdc(t)

dt
= (1− dSC(t))iSC(t)−

vdc(t)

RL
(10)

where, iSC , vSC , dSC and vdc represent SC current, SC voltage, duty ratio and DC-bus voltage. The design of feedback control
technique primarily requires the linearized state-space equations around the equilibrium point with small-signal perturbations.
The state parameters of the system are depicted below.

vdc(t) = Vdc + v̂dc(t); iSC(t) = ISC + îSC(t); (11)

vSC(t) = VSC + v̂SC(t); dSC(t) = DSC + d̂SC(t) (12)

Neglecting the second-order small-signal entities, the averaged equations can be represented as:

LSC
dîSC(t)

dt
≃ v̂SC(t)− (1−DSC)v̂dc(t) + Vdcd̂SC(t) (13)

Cdc
dv̂dc(t)

dt
≃ (1−DSC )̂iSC(t)− ISC d̂SC(t)−

v̂dc(t)

RL
(14)

Applying Laplace-transformation to above equations and simplifying, it can be written as:

îSC(s) ≃
v̂SC(s)− (1−DSC)v̂dc(s) + Vdcd̂SC(s)

sLSC
(15)

v̂dc(s) ≃
Cdc(1−DSC )̂iSC(s)− ISC d̂SC(s)− v̂dc(s)

RL

sCdc
(16)

The equations in (15) and (16) delineates the frequency domain model of the bidirectional converter during boost mode. Upon
rearranging these equations, various transfer function of the converter can be obtained. The small-signal analysis of BDC-I
with battery as input can be done similarly. To assure the complete system stability, the bandwidths (BW) for various control
loops are selected and the gain values of different PI controller are tuned.

a) Supercapacitor Inner Current Control Loop Design: The transfer function of control (d̂SC) to SC current (̂iSC) is
found as:

Gid SC(s) =
îSC(s)

d̂SC(s)
=

2(1−DSC)ISC + VdcCdc

(1−DSC)
2
+ sLSC

RL
+ LSCCdcs2

=
0.1056s+ 4

2.2× 10−6s2 + 4.167× 10−5s+ 0.5625

(17)

Then, the open-loop transfer function of the SC current control loop can be determined using Eq. (18) and the corresponding
Bode-plot is represented in Fig. 5(a).

Gol SC = Gpi SC .Gid SC .HSC (18)

where, Gpi SC represents the transfer function of the SC current loop compensator.
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(a) (b)

(c)

Fig. 5: Bode-plot of different control loops (a) SC current control (b) battery current control (c) Outer-loop voltage control

b) Battery Inner Current Control Loop Design: The transfer function of control (d̂bat) to battery current (̂ibat) is:

Gid bat(s) =
îbat(s)

d̂bat(s)
=

2(1−Dbat)Ibat + VdcCdc

(1−Dbat)
2
+ sLbat

RL
+ LbatCdcs2

=
0.1056s+ 4

2.2× 10−6s2 + 4.167× 10−5s+ 0.4444

(19)

Using Eq. (20), the open-loop transfer function of the battery current control loop can be determined and the corresponding
Bode-plot is shown in Fig. 5(b).

Gol bat = Gpi bat.Gid bat.Hbat (20)

where, Gpi bat represent the transfer function of battery current compensator.

îSC(s) ≃
v̂SC(s)− (1−DSC)v̂dc(s) + Vdcd̂SC(s)

sLSC
(21)

v̂dc(s) ≃
Cdc(1−DSC )̂iSC(s)− ISC d̂SC(s)− v̂dc(s)

RL

sCdc
(22)
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Fig. 6: Detailed block diagram of power distribution control scheme

Fig. 7: Experimental test-rig of autonomous LVDC microgrid

c) Outer Voltage Control Loop Design: The transfer function of the supercapacitor current to the DC-bus voltage transfer
function is given as:

Gvi V dc(s) =
v̂dc

îSC

=
Vdc −DSCVdc − LSCISCs

2ISC − 2DSCISC + CdcVdcs

=
31.68− 2.5× 10−3s

3.3 + 0.1056s

(23)

The open loop transfer function can be depicted as:

Gol vdc = Gpi vdc.Gcl SC .Gvi vdc.HV dc (24)

where,
Gcl SC =

Gpi SC .Gid SC

HSC .Gpi SC .Gid SC + 1
(25)
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TABLE I: Autonomous LVDC microgrid parameters

DC- bus voltage = 48 V, Load resistance (RL) = 24 Ω, 12 Ω
DC motor-SEIG based WPGS

Rectifier Module: EK.IR.MDS100165
Buck Converter: Switch: IRFP460, Diode: MUR3060PT, Driver: TLP350

Cd = 1200 µF, Lw = 2.5 mH, fsw = 10 kHz
HESS Parameters

Lead-acid battery (Exide-FE-04-EP42-12): 12V, 42 Ah, 3 no.s
Supercapacitor (BMOD0058E016 B02): 16.2 V, 58 F, 2 no.s

Bidirectional Converter (2 nos.):Switch:IGBT Leg (SKM100GB063D),
IGBT Driver: Skyper32 Cdc = 2200 µF,
Lbat = Lsc = 1 mH, fsw = 10 kHz

Other Components
Voltage Transducer: LV-25P, Current Transducer: LEM-55P
Digital Controller: dSPACE 1103, Sampling Time: 20 µs

TABLE II: PI controller parameters

Control Loop Bandwidth (Hz) PM PI Values
SC Current

Control Loop 1690 Hz 60.8◦ kp SC = 0.1927
ki SC = 1133.8

Battery Current
Control Loop 1000 Hz 60.2◦ kp bat = 0.1131

ki bat = 404.2
Outer Voltage
Control Loop 470 Hz 59.8◦ kp vdc = 0.1054

ki vdc = 102.4

The Bode-plot of the outer voltage control loop is given in Fig. 5(c). The equivalent small signal model of the HESS controller
is depicted in Fig.4. For all the three control loops, the phase margin is around 60◦ and the corresponding BW as well as
exact PI values are depicted in Table II. In the next section, the power management strategy for deciding the various operating
modes of the LVDC microgrid is discussed.

IV. POWER DISTRIBUTION CONTROL SCHEME

The PDCS is formulated to attain the following objectives:
1) Stabilization of DC-bus voltage to maintain optimal power balance among the source and load with proper charg-

ing/discharging rate of the HESS.
2) Segregation of total reference current and allocation of average and transient component to battery and SC respectively.
3) Identification of operating modes of the LVDC microgrid based on various constraints and assuring smooth transition

from one operating mode to the appropriate mode.
4) Protection of battery to avoid deep-discharge and overcharge conditions by disconnecting the battery and simultaneously

switching of WPGS from MPPT to RPM.
The PDCS mainly decides the operating mode of the LVDC microgrid based on the available power generation and load demand
(Fig. 6). The power disparity is fulfilled by the HESS according to the state-of-charge (SOC). There are four working conditions
or sub-modes that are decided by the power management algorithm: (a) excess generation mode (EGM) (i.e. Pw > Pload) (b)
deficit generation mode (DGM) (i.e. Pw < Pload) (c) floating power mode (FPM) (i.e. Pw ≃ Pload) (d) RPM (i.e. SOC ≥ 90%
or SOC ≤ 50%)

A. Mode: I- Normal Operating Condition (SOCL < SOC < SOCU ):

This mode deals with charging/discharging of the battery stack when the state of charge of the battery is in between SOCL

and SOCU . In this paper, lower and upper threshold limit of SOC is considered 50% and 90% respectively. During this mode,
WPGS harness optimum power and whenever the extracted wind power is excess than the load demand, the HESS absorbs
the surplus power. In other words, the net available power Pnet(t) is absorbed by the battery along with the supercapacitor
maintaining a constant DC-bus voltage. The system is considered to be operating under excess generation mode (EGM).
Similarly, if wind power is less than load demand, the system operates under deficit generation mode (DGM). And, if the
available wind power is equal to the load demand, then the system operates at floating power mode (FPM). During transient
instants, the controller provides the average component to the battery and diverts the high frequency and oscillatory component
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(a) (b)

(c) (d)

Fig. 8: Experimental results during mode-I operation with the proposed controller (a) power (b) battery, SC and load current
(c) DC bus voltage, (d) % SOC of the battery

towards SC relieving the stress on the battery. The power balance equation is represented below:

Pload(t) =



Pw(t)− Pnet(t)− Ploss(t) if Pw(t) > Pload(t)︸ ︷︷ ︸
EGM

Pw(t) + Pnet(t)− Ploss(t) if Pw(t) < Pload(t)︸ ︷︷ ︸
DGM

Pw(t)− Ploss(t) if Pnet(t) = 0︸ ︷︷ ︸
FPM

Pnet(t) if Pw(t) = 0︸ ︷︷ ︸
DGM

(26)

B. Mode: II- Battery Protection Mode:

This mode deals with the protection of battery from overcharge and deep-discharge considering %SOC as the major constraint.
1) SOCbat ≥ 90%: In this mode, if the SOC of the battery is more than 90% and the power generated by wind system

is in excess to the load demand, the PDCS stops the battery controller operation. Simultaneously, the operating point of the
WPGS shifts from MPP to reduced power mode. In the above scenario, the DC bus voltage can not be maintained at 48 V if
reduced power mode is not activated from the instant PDCS executes battery shutdown.

Pload(t) = Pwrp(t)− Ploss(t), Pnet(t) = 0︸ ︷︷ ︸
if Pwmpp>Pload and SOC≥SOCU

(27)
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(a) (b)

(c) (d)

Fig. 9: Experimental results during mode-I operation with the conventional controller (a) power (b) battery, SC and load current
(c) DC bus voltage, (d) % SOC of the battery

2) SOCbat ≤ 50%: Whenever the power generation of WPGS is less than the load requirement and SOC of the battery is
less than equal to SOCL, to prevent battery from deep discharge, the PDCS stops the battery controller operation.

Pload(t) = Pwrp(t)− Ploss(t), Pnet(t) = 0︸ ︷︷ ︸
if Pwmpp<Pload and SOC≤SOCL

(28)

Under this condition, as the load demand is more than the power generation of the WPGS, load shedding is incorporated.

C. Performance Validation of the LVDC Microgrid:

A laboratory test-rig of the wind energy driven LVDC microgrid with HESS is developed for the performance validation
of the proposed power distribution control scheme using dSPACE DS1103 digital controller. The system and PDCS control
parameters are depicted in Table I and Table II respectively. The photograph of the laboratory test-bed is shown in Fig. 6.
The experimental results and analysis under different operating mode is illustrated briefly in next subsections. To show the
functionality of the proposed PDCS more precisely, this section is divided into two case studies i.e. normal operating mode
and battery protection mode.

1) Normal operating mode (50% < SOC < 90%): In this mode, the performance of the PDCS is shown for load and
wind speed variation. The experimental results during this mode with proposed and conventional controller are shown in Fig.
8 and Fig. 9 respectively. The power balance along with reference current generation for different sub-modes with respective
time interval are clearly depicted in Table III. In Fig. 10, comparative results of the conventional and proposed controller
under sudden load and wind speed variation is depicted. It can be seen that the DC bus voltage is maintained at 48 V despite
variations in load demand and wind speed.

2) Battery Protection Mode: : Whenever the %SOC of the battery crosses the safe limits (i.e. either SOC ≥ 90% or
SOC ≤ 50%), the PDCS disconnects the battery by making the battery reference current to zero. The experimental results
of the proposed and existing controller for battery shutdown mode are given in Fig. 11 and Fig. 12 respectively. Similarly,
the experimental results for SOC ≤ 50% are shown in Fig. 13 and Fig. 14 respectively. The power balance and reference
current under these modes are also provided in Table III. During all these operating conditions, it can be seen that the PDCS is
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(a) (b)

(c) (d)

Fig. 10: Comparative results of conventional and proposed controller under sudden load change (a) DC bus voltage (b) battery
and SC current. Comparative analysis of proposed and conventional controller under sudden wind speed change (c) DC bus
voltage, (d) battery and SC current

(a) (b) (c) (d)

Fig. 11: Proposed controller results for battery shut-down mode for SOC ≥ 90% (a) power, (b) battery current, (c) DC bus
voltage, (d) %SOC.

(a) (b) (c) (d)

Fig. 12: Conventional controller results for battery shut-down mode for SOC ≥ 90% (a) power, (b) battery current, (c) DC
bus voltage, (d) %SOC.
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(a) (b) (c) (d)

Fig. 13: Proposed controller results for battery shut-down mode for SOC ≤ 50% (a) power, (b) battery current, (c) DC bus
voltage, (d) %SOC.

(a) (b) (c) (d)

Fig. 14: Conventional controller results for battery shut-down mode for SOC ≤ 50% (a) power, (b) battery current, (c) DC
bus voltage, (d) %SOC.

capable of maintaining the DC bus voltage at 48 V. A comparative analysis of conventional and proposed controller in terms
of percentage overshoot (Mp), settling time (Tset) and steady-state error is depicted in Table IV. The analysis justifies better
dynamic performance of the proposed PDCS with respect to the conventional one.

TABLE III: All possible modes of the proposed PDCS with their corresponding power balance and reference current setting

Sl.No Operating Mode Time (s) Working Mode Power Balance Eq. Reference Current

1.

Normal Operating
Mode

(DF-MPPT)
(50 < SOCbat < 90)

(Fig. 8)

(a) t = 0 s to 25.4 s
(Wind speed = 6.5 m/s) EGM

Pload(t) = Pw(t)− Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 148 W,

Pnet = 30 W, Ploss = 14 W

ibat ref = iavg = -ve
isc ref = ihfc + iosc

(b) t = 25.4 s to 50.6 s
(Wind speed = 6.5 m/s,

Load increase)
DGM

Pload(t) = Pw(t) + Pnet(t)− Ploss(t)
where, Pload = 218 W, Pw = 148 W,

Pnet = 85 W, Ploss = 15 W

ibat ref = iavg = +ve
isc ref = ihfc + iosc

(c) t = 50.6 s to 75.03 s
(Wind speed = 6.5 m/s,

Load decrease)
EGM

Pload(t) = Pw(t)− Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 148 W,

Pnet = 30 W, Ploss = 14 W

ibat ref = iavg = -ve
isc ref = ihfc + iosc

(d) t = 75.03 s to 99.83 s
(Wind speed = 5.5 m/s) DGM

Pload(t) = Pw(t) + Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 84 W,

Pnet = 34 W, Ploss = 14 W

ibat ref = iavg = +ve
isc ref = ihfc + iosc

(e) t = 99.83 s to 126 s
(Wind speed = 6 m/s) FPM

Pload(t) = Pw(t)− Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 118 W,

Pnet = 0 W, Ploss = 14 W

ibat ref = iavg = 0
isc ref = ihfc

(f) t = 126 s to 150 s
(Wind speed = 7 m/s) EGM

Pload(t) = Pw(t)− Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 180 W,

Pnet = 60 W, Ploss = 16 W

ibat ref = iavg = -ve
isc ref = ihfc + iosc

2. Battery Protection
Mode

(SOCbat ≥ 90)
(Fig. 11)

(a) t = 60 s to 103.64 s
(Wind speed = 7 m/s) EGM

Pload(t) = Pw(t)− Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 176 W,

Pnet = 54 W, Ploss = 18 W

ibat ref = iavg = -ve
isc ref = ihfc + iosc

(b) t = 103.64 s to 140 s
(Wind speed = 7 m/s) RPM

Pload(t) = Pw(t) + Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 120 W,

Pnet = 0 W, Ploss = 16 W

ibat ref = iavg = 0
isc ref = ihfc

3. Battery Protection
Mode

(SOCbat ≤ 50)
(Fig. 13)

(a) t = 80 s to 117.78 s
(Wind speed = 5.5 m/s) DGM

Pload(t) = Pw(t) + Pnet(t)− Ploss(t)
where, Pload = 104 W, Pw = 84 W,

Pnet = 34 W, Ploss = 14 W

ibat ref = iavg = +ve
isc ref = ihfc + iosc

(b) t = 117.78 s to 160 s
(Wind speed = 5.5 m/s) RPM

Pload(t) = Pw(t) + Pnet(t)− Ploss(t)
where, Pload = 51 W, Pw = 65 W,

Pnet = 0 W, Ploss = 14 W

ibat ref = iavg = 0
isc ref = ihfc
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TABLE IV: Comparative evaluation of conventional and proposed controller

Parameters Conventional
Controller

Proposed
Controller

Mp (Load change) 7.12 % 4.75 %
Mp (Wind speed change) 5.81 % 2.20 %

Mp (SOC ≥ 90%) 8.97 % 4.25 %
Mp (SOC ≤ 50%) 24.29 % 13.7 %
Settling Time (Tset) 0.8 s 0.6 s

Steady-state Error 1.24 % 0.45 %

V. CONCLUSION

This paper illustrates implementation of a novel PDCS for efficient power utilization in the autonomous LVDC microgrid
driven by WPGS along with HESS. The PDCS accomplishes the power computation, reference current generation along with
operating mode selection effectively. The coordinated operation of WPGS, HESS and load are achieved for different operating
modes. The WPGS operates at optimum power with reduced steady-state oscillations and better dynamic performance during
wind speed and load variations. The DC bus voltage is tightly regulated at 48 V despite of being subjected to different operating
constraints (i.e. wind speed change, load variation, SOC ≥ 90% and SOC ≤ 50%). The overall functionality of the SEIG
based autonomous LVDC microgrid with HESS is found satisfactory.
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