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Abstract
Energy storage systems have become inevitable components of a DC microgrid in terms of pacifying voltage/current fluctua-
tions that are unavoidable due to the unpredictable, intermittent nature of renewable energy system and load. These fluctuations
normally result in power quality issues in addition to stability issues. The transient pressure on the DC bus increases with an
increase in distance between the source and load. Further, it affects the other connected loads in a single-bus system. Hence,
this paper proposes a multi-bus dc microgrid structure integrated with a supercapacitor transient power supply to deal with
the fluctuating DC loads. In the proposed model, the steady-state power requirement of the load is expected to be met by
the DC bus, while the dedicated supercapacitor bank would compensate for the transient power requirements. The proposed
model has been developed and simulated in MATLAB/Simulink. The simulation results shows that the proposed scheme is
capable to reduce the transient pressure on the DC bus and improve the power quality of the DC microgrid. Also, hardware
experiments have been conducted to validate the accuracy and feasibility of the proposed system.

Keywords Supercapacitor · DC microgrid · PI controller · Fluctuating loads · Energy storage system · Bidirectional DC–DC
converter

1 Introduction

In recent years, the technological advancement in renewable
energy integration and energy efficient electrical loads has led
to significant changes in themodern power system [1].Due to
easy adaptability of renewable energy system (RES) and its
less challenging control strategy, there has been a remarkable
evolution in the field of DC microgrids compared to its AC
counterpart [2,3]. The conventional DC microgrid follows
single-bus structure, which allows easy implementation and
analysis. The multiple DC bus system is used to meet the
specific load demand and regulation.

The proposed multi-bus structure of a DC microgrid
designed for fluctuating loads with power electronic inter-
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faces is shown in Fig. 1 [4,5]. The RES and energy storage
systems (ESS) are placed together to work in sync to effec-
tively control the power flow in the system. The fluctuating
load represents high duty pulsed loads and other frequent
variable power loads. These loads demand high transient cur-
rent from DC main bus [6] which in turn increases stress on
the sources as well as affects the directly connected loads.

Batteries are widely used in DC microgrids for maintain-
ing power balance under steady-state conditions, but the use
of batteries for high-power fluctuating loads could lead to
deterioration of battery life [7,8]. This drawback could eas-
ily and effectively be resolved by using batteries concurrently
with reliable fast acting devices such as supercapacitor (SC)
to handle transient power requirements. Such a system is
called hybrid energy storage system (HESS) [9–11]. The
HESS-basedpulsed load systemwould share the power based
on source availability. The steady-state power is supplied by
the battery and the DC bus, while transient power flow is reg-
ulated by the supercapacitor unit [12–14]. Though a highly
efficient alternative, the combined use of battery and super-
capacitor would add to the size and cost of the system to a
great extent.
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Fig. 1 Conventional DC microgrid showing fluctuating DC loads and
SC transient power supply

This paper suggests a fluctuating load bus incorporated
with SC-based transient power supply to effectively resolve
the aforementioned problems. The high power density and
moderate energy density of SC make it more convenient for
transient applications [15–17]. The SC-based ESS (SCESS)
is capable of supporting loads under intermittent transients so
that the source DC bus would handle the steady-state power
demand [18,19]. Commonly, SCESS in parallel with load is
used to mitigate the high fluctuation in DC power [20–22].
In [21], Mustafa Farhadi et. al. designed an SC-based system
for pulsed loads, in which the SC is connected in parallel
with the pulsed load through a switch to improve the SC uti-
lization. Amodel predictive control-based SCESS system for
DC microgrid application is introduced in [22]. However, in
all the above cases, SCESS is connected in parallel with the
pulsed load. This necessitates the usage of high-rated super-
capacitor units,which in turn increases the cost and size of the
unit. Furthermore, the supercapacitor must be charged to the
reference voltage for maintaining load voltage. To overcome
these issues, this paper proposes the use of a power electronic
interfaced SCESS. In this setup, a lower rated supercapacitor
is sufficient to regulate the higher DC voltages and to supply
transient power at the time of disturbance.

A droop controlled DC microgrid with SCESS power
supply for fluctuating loads is presented in [23]. This
method would assist the system during transient distur-
bances, although all the other sources and loads are exposed
to transient power during that period. Further, the droop con-
trol strategy increases the system’s complexity.

From the above discussion, it can be summarized that
direct connection of supercapacitor improves the transient
response of the system, but it demands high rated and charged
SCESS for smooth functioning. Further, the fluctuations
could affect the direct connected loads in a single-bus DC
microgrid system. Hence, this paper proposes a DC micro-

grid structure with a dedicated fluctuating load bus integrated
with independent transient power supply. The contributions
of this paper are summarized as follows:

1. A multi-bus DC microgrid structure for fluctuating loads
is presented in which a supercapacitor is integrated to the
dedicated DC bus such that the primary bus is unaffected
by the high power load transients.

2. A rate-limiter low-pass filter-based controller is designed
and implemented to control the SCESS operation. This
allows the supercapacitor to charge/discharge during
transients and reduce the SCESS current to zero during
steady-state operation.

3. The operation of supercapacitor depends on the selec-
tion of controller parameters. Hence, a detailed controller
design and parameter selection for the system is pro-
posed. The simulated results were validated by hardware
testing and proved the accuracy and feasibility of the pro-
posed system in reducing the stress on the DC bus during
transient disturbances.

4. The available literature focuses mainly on power elec-
tronic converter-based approach on a single bus system,
whereas this paper incorporates a multi-bus system.

Remaining of the paper is organized as follows: The sys-
tem configuration and design of the proposed system are
discussed in Sect. 2. The LPF-based controller design is pre-
sented in Sect. 3. The simulation and hardware results are
discussed in Sect. 4. Section 5 verifies the proposed system,
and Sect. 6 presents the conclusion.

2 System configuration and design

Figure 2 depicts the DC microgrid with a dedicated DC bus
for fluctuating loads. The SC bank connects to the DC bus
through a bidirectional DC–DC converter. A variety of loads
are connected to the DC bus at different intervals to imitate
load fluctuations.

2.1 Supercapacitor energy storage system (SCESS)

Out of the various SC models available, the dynamic model
displayed in Fig. 3 [15] is adopted for high-frequency oper-
ations. The frequency dependency of Cdynamic allows SC
to charge and discharge during the transients. The Rdynamic

reduces the SC current close to zero at low frequencies.
The maximum energy of SCESS is given by

Esc,max = 1

2
CscV

2
sc,max (1)
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Fig. 2 Proposed SC-based
transient power supply system
for fluctuating DC loads

Fig. 3 SC dynamic model [10]

The energy stored by the SCESS at any instant of time
(Esc(t)) is given by

Esc(t) = 1

2
CscV

2
sc(t) (2)

The relation between Esc(t) and SOC of SCESS is given
by

SOCsc = Esc(t)

Esc,max
(3)

The SOC of SC shows variation of energy with time;
hence, SOC is expressed in terms of charge as shown in
Eq. (4):

SOCsc = Qint −
∫ t
0 i(τ )dτ

QT
(4)

The fluctuating loads require higher instantaneous power,
so using a single energy source for such applications would

result in thermal and power quality issues. The integration
of SC mitigates all these issues and improves system stabil-
ity. In this work, fluctuating loads are created by connecting
different power loads in parallel through controlled switches
[23].

2.2 Design of DC–DC boost converter

The equations used to design standard boost converter can
be found in [24]. The design of the boost converter considers
continuous conduction mode of operation. Inductor Ldc and
Lsc values are calculated using Eq. (5).

L i = V0Di

�iis fisw
(5)

where i represents the dc or sc; fisw is the switching frequency
of load converter and SC converter; Di is the corresponding
duty ratio. Inductor current ripple �iis choose to be 5% of
load current. The output capacitor (Ci) can be designed using
Eq. (6)

Ci = V0Di

�v0RL fisw
(6)

where V0 is the output voltage and �V0 is the allowable
output voltage ripple. For analysis �v0 is chosen as 2% of
output voltage. The duty ratio is given by

Di = V0 − Vi
V0

(7)
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Table 1 The system parameters for simulation (S.No—serial number)

S.No Parameters Values

1 DC bus voltage, Vdc 48 V

2 Supercapacitor voltage, Vsc 56 V, 130 F

3 Load resistance,
R1, R2 and R3

18.5 �, 30 � and
20 � in parallel

4 Source inductance, Ldc 2.3 mH

5 SC inductance, Lsc 2.2 mH

6 Output capacitance, C0 230μF

7 Power output, Pout 1 kW

8 Switching frequency, fsw 20kHz

9 Load voltage, V0 96 V

Table 2 The controller transfer functions based on SSM

(a) Load converter: Current control transfer function
ˆILdc
d̂

= 41739(s+1667)
S2+833.3s+90.58e04

(b) SC converter: Current control transfer function
ˆILsc
d̂

= 43103(s+1818)
s2+909.1s+13.65e05

(c) Voltage loop: Voltage control transfer function

V̂0
ˆILsc = −3.5109(s−1502)

s+1818

The converters are designed for handlingmaximumpower
of 1kW with minimum input voltage. The design values for
simulation are shown in Table 1.

2.2.1 Small signal modeling of boost converter

The converter control transfer functions are derived using
small-signal modeling (SSM). Since both are bidirectional
boost converters, the analysis is identical for both. The
input current for the converter depends on the load require-
ment. The equations for inductor voltage and current through
capacitor over one switching period are given in Eqs. (8) and
(9), respectively.

Lx
diLx(t)

dt
= vx − (1 − dx)vcx (8)

C0x
dvcx(t)

dt
= (1 − dx)iLx − vcx

RL
(9)

where ‘x’ indicates, ‘sc’ stands for SCESS converter, and it
is ‘dc’ for DC bus converter. The useful transfer functions are
extracted usingMATLAB to minimize the calculation and to
avoid the divergence from what the paper intends to address.
The most relevant transfer functions are given in Table 2.

Fig. 4 LPF-rate limiter-based SC control strategy

3 Control system design

The allocation of power between DC bus and SCESS is
accomplished by a filter-based control strategy. As stated
earlier, the role of SCESS is to mitigate the load transients.
Therefore, the SC current controller reference signal must
contain the transient part of the total load current. A rate
limiter-based LPF control strategy for SCESS converters has
been adopted in this paper [12]. The advantage of the limiter
is that it always limits the rate of change of DC bus current
in the controller operation.

3.1 Supercapacitor control strategy

The SCESS control strategy primarily focuses on the division
of the input signal into high- and low-frequency components.
The control based on LPF is a popular technique for SC
reference current generation. The LPF-rate limiter control
strategy for SCESS is shown in Fig. 4. Here, the input is a
staircase waveform, while the output divides into two states
as the steady state and transient state. The cut-off frequency
of the filter is ωc. Further, (1-LPF) gives the high-frequency
component, and it is known as a high-pass filter (HPF). The
rate-limiter limits the rate of change of input current, which
ensures the safe operation within the system.

3.2 Design of load-SCESS converter control system

The suggested converter control is shown in Fig. 2. The
controller consists of an outer voltage loop and an inner
current loop. The outer voltage loop generates a current ref-
erence signal that corresponds to the required load voltage.
As discussed earlier, the current reference gets split into a
high-frequency and low-frequency componentwithLPF.The
cut-off frequency of LPF is selected as 5 Hz to obtain a high-
frequency reference of SCESS [17]. LPF is given by:

GLPF(s) = ωc

s + ωc
(10)

idcref = iref
ωc

s + ωc
(11)

iscref = irefGHPF(s) (12)
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Fig. 5 Bode plot for a DC bus current control loop, b SCESS current control loop, c outer voltage control loop

Table 3 PI controller parameters

S.No Control loop PI gains
Kp Ki

1 SC current loop 0.32 2649.6

2 Load converter current loop 0.21 1006

3 Outer voltage loop 0.0224 170

where GHPF(s) is the transfer function of HPf and is given
by

GHPF(s) = 1 − GLPF(s) = s

s + ωc
(13)

where iref is the required total current with respect to the cor-
responding load voltage reference Vref . The idcref and iscref
are the current references for the load and the SCESS con-
verter, respectively.

PI controller is used for controlling the system. The gen-
eral form of PI controller is

P Iix = Kpx + Kix

s
(14)

where ‘x’ represents the loop and itwill be ‘isc’ for SCcurrent
loop, ‘idc’ for load converter current loop and ‘v’ for outer
voltage control loop.

3.2.1 Design of inner current loop

The control transfer function used to design the SC inner
current loop is given in Table 2. The SC inner current loop is
built with a bandwidth of 16krad/s to ensure fast operation
of SC during load transients. The phase margin is selected
60◦ as suitable value for stable closed-loop operation. Table 3
shows the PI controller parameters. The bode diagram for the
compensated and uncompensated SC current loop is shown
in Fig. 5b.

The load converter is unidirectional. The controller con-
stants of the load converter are designed based on load

requirements. The inner loop designs are in such a way that
it meets the steady-state requirements. The response of the
inner load current loop should be slower than the SC inner
current loop. To meet this, the bandwidth of the inner current
loop is selected as 10krad/s, whereas the phasemargin is 60◦.
The Bode diagram for the compensated and uncompensated
DC bus current loop is shown in Fig. 5a.

3.2.2 Outer loop controller design

The outer voltage controller is designed based on the char-
acteristics of the SC converter [12]. The inner loop gain is
taken as a unit because the higher bandwidth prevents the
current disturbance from reaching the outer loop. The outer
voltage loop transfer function is given in Table 2. The con-
troller designs with the help of the MATLAB/SISO Toolbox
[23]. The selected outer loop bandwidth is 0.5krad/s and the
phase margin is 60◦. The corresponding PI values for the
outer loop are shown in Table 3. The Bode plot with and
without compensator is shown in Fig. 5c.

4 Simulation results

Detailed simulation studies were conducted using MAT-
LAB/Simulink software to validate the proposed system. A
controlled DC source is used in the simulation as the main
DC bus. The system performance is analyzed by introducing
perturbations at the source and the load side. The source
disturbances are introduced particularly at t = 0.2 s and
t = 0.4s. At t = 0.2 s, the bus voltage is increased from
48 to 63V and at t = 0.4switch is decreased back to 48V as
shown in Fig. 6a. Three resistances R1, R2 and R3 in parallel
through controlled switches represent the fluctuating load.

4.1 System under source disturbance

The DC bus voltage, SCESS voltage, and SOC of SCESS
subjected to source disturbances are shown in Fig. 6a–c. The
initial voltage ofSCESSconsidered for the simulation is 48V,
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Fig. 6 Simulation results—under source disturbance aDC bus voltage,
b SC voltage, c SCESS SOC

Fig. 7 Simulation results—under source disturbance a load voltage,
b load current, c DC bus current, (d) SCESS current

and the corresponding SOC is 77.66%. The system response
under the source disturbance is shown inFig. 7. The load volt-
age and load current have small variation under the source
disturbances, which regains the actual value after a short
period as shown in Fig. 7a, b. The corresponding source cur-
rent of theDCbus and SCESS is shown in Fig. 7c, d. It is clear
from the waveforms that the load voltage and the load cur-
rent gets regulated at 96V and 9.15A respectively. Also, the
load current is shared accordingly between DCmain bus and

Fig. 8 Simulation results—under source disturbance a power supplied
by DC bus, b SCESS power, c load power

SCESS. The SCESS absorbs the additional power supplied to
the load bus when the source voltage increases at t = 0.2 s.
Hence, Isc becomes negative at t = 0.2 s and is given in
Fig. 7d. Similarly,when the source voltage decreases, SCESS
discharges to meet the initial transient current, at t = 0.4s.

It is necessary to check the power-sharing between the
source and the loads to understand the efficacy of SCESS.
The power supplied byDC bus, SCESS power, and the power
consumed by the load is shown in Fig. 8a–c, respectively.
The total power required by the load is 880 W. The total
load power is shared between the DC bus and SCESS, as
shown in Fig. 8a, b. During the transient period and in the
source disturbance period, the SC is discharging or charging
depending on the load power demand. From Fig. 7c, it is
inferred that the peaks and sudden changes in DC bus current
are limited, allowing for improved overall performance of a
multiple bus system.

4.2 System under load disturbance

Load disturbances are introduced at four different instances
to test the system under load fluctuations. The resistor R1 is
always connected with load side, and the power consumed
by the same is (PR1 ) 500 W. Similarly, PR2 and PR3 rep-
resent the power consumed by R2 and R3, and the values
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Fig. 9 Simulation results—under fluctuating load a output voltage,
b current drawn from DC bus, c SCESS current

are 300W and 450W, respectively. The resistor R2 is con-
nected at t = 0.2 s and is removed at t = 0.5s. Similarly,
the resistor R3 is connected at t = 0.7s and removed at
t = 0.9s.

Whenever additional loads are connected in parallel, the
required load power and the current drawn from the sup-
ply would increase. The load voltage, source current and
SC current are shown in Fig. 9a–c, respectively. At t1
and t2, the increase in source current results in simulta-
neous increase in load current. Figure 9c clearly shows
that the initial transient current is supplied solely by the
SCESS. Furthermore, constant load voltage is maintained
irrespective of the system disturbances. The load is dis-
connected at instances t2 and t4, and the DC bus current
slowly reaches a new value during this period. The tran-
sient power developed at the load bus is absorbed by the
SCESS.

Figure 10a–c represents the DC bus voltage, SC volt-
age and SOC of SCESS, respectively. The SOC variations
of SCESS are limited due to the tight control, as shown in
Fig. 10c. Figure 11a, b shows the power supplied by DC bus
and SCESS, respectively. The DC bus supplies steady-state
power and SCESS controls the transient power flow. The
fluctuating load power under different instances is shown in
Fig. 12. Here, Fig. 12a represents the total power consumed
by the load and Fig. 12b–d represents the power dissipated
at resistors R1, R2 and R3, respectively.

Fig. 10 Simulation results—under fluctuating load a DC bus voltage,
b SC voltage, c SCESS SOC

Fig. 11 Simulation results—under fluctuating load a power supplied
by DC bus, b SCESS power

4.3 Comparison of proposed strategy

4.3.1 Comparison of fluctuating loads with and without
SCESS

The performance analysis of the DC bus system with and
without SCESS is compared in this section. The waveform
for DC bus current with and without SCESS is shown in
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Fig. 12 Simulation results—under fluctuating load a total power con-
sumed (PR1+PR2+PR3 ), b power at PR1 , c power at PR2 , d power at
PR3

Fig. 13 DC bus current comparison—with and without SCESS

Fig. 13. The source disturbances are created at t = 0.2 s and
t = 0.4s as shown in Fig. 6a. Similarly, the load disturbances
are created at t = 0.6s and t = 0.8s. The waveform clearly
shows that the DC bus system with SCESS withdraws mini-
mal transient current compared to the systemwithout SCESS.
Further, the smooth transition of the DC bus current reduces
the sudden spikes in the system.

The load–voltage waveforms prove that the SCESS inte-
grated DC bus system performs much better than the system
without SCESS. Such enhancement is due to the reduction of
the ripple current and faster settling of load bus voltage with
the incorporation of SCESS. The output voltage waveform
is shown in Fig. 14. During source disturbances, the DC bus
system without SCESS shows a 12V variation in the out-
put voltage, while the same with SCESS shows only 6.5V
variation.

Fig. 14 Load voltage comparison—with and without SCESS

Fig. 15 The experimental setup

The proposed system shows only a variation of 15V in
its output voltage, while the system without SCESS endures
a large variation of 30V at the time of load disturbance of
500W. From these data, it is clear that DC bus systems with-
out SCESS undergo large voltage fluctuations under source
and load disturbances. However, the DC bus system with
SCESS shows better performance under these acute varia-
tions of load/source conditions.

5 Experimental results and discussion

A prototype developed for testing the feasibility of the pro-
posed SCESS supply system is shown in Fig. 15.ADCpower
supply is used instead of themainDC bus, andMaxwell 16V,
58 F SC is used as the SCESS. At the beginning, the SC volt-
age is 80%. The closed-loop operation is implemented in
dSPACE 1104. The prototype is built for a power rating of
1
10

th
of the simulation study.

The input voltage range is 20–25V and the desired output
voltage is 40V for the prototype. The fluctuating load ismade
by connecting two 50 � resistors in parallel. The operating
power of the system is 48W, and the system is tested under
various disturbances.
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Fig. 16 Experimental result under fluctuating load: load voltage and
current wave forms

Fig. 17 Experimental result under fluctuating load: R1 connected at t1
and disconnected at t2

5.1 System under fluctuating load

A pulsed load is created by connecting two parallel rheostats
using a control switch. The sudden closure of the switch
demands high load power. As a result, the load draws more
current from the DC bus. The load voltage, DC bus cur-
rent, load current, and SCESS current are shown in Fig. 16.
The load voltage is maintained at 40V. Whenever the load
changes, the SC supplies the fast varying transient current
and the DC bus converter current (Idc) rises slowly. During
the time period from t1 to t2, an additional (R2) load is con-
nected across the main load (R1). The voltage across (R2) is
shown in Fig. 17.

A magnified portion of SC current and DC bus current is
shown in Figs. 18 and 19 to explain current sharing between
SCESS and DC bus. The sudden increase in the load current
during load change and the SC supply of the initial transient
current to support the DC bus are shown in Fig. 18. Similarly,
when the load is disconnected, the SC utilizes the additional
current from the source for charging as shown in Fig. 19.
During this period, the source voltage and the load voltage
are maintained at 20V and 40V, respectively.

Fig. 18 Experimental result under fluctuating load: magnified portion
of SC current at load increment

Fig. 19 Experimental result under fluctuating load: magnified portion
of SC current at load decrement

5.2 Step change in DC bus voltage

The source variation is created by changing the DC bus volt-
age from 20 to 25V at t1 and then back to 20V at t2. The
load voltage is kept steady throughout this period, and the
source current gets reduced to maintain constant power. The
smooth conversion of themain DC bus current is achieved by
SCESS. The experimental results during source disturbance
are shown in Fig. 20. Regardless of the changes in input
voltage and current, the load voltage is maintained constant
at 40V. Due to the switching of the converter during nor-
mal operation, a slight ripple current flows through SCESS.
However, transient current from the supply at the time of
disruption is absorbed by the SC.

The parallel connection of controlled SCESS with the DC
load bus improves the system response as well as reduces
the current stress on the DC microgrid. The sudden shift in
the load bus or main DC bus is neutralized with the aid of
SCESS. Furthermore, the system’s power quality is reshaped
as the SC absorbs the high-frequency fluctuations out of the
load. It is the reason for fewer ripples in the load voltage and
loads current.
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Fig. 20 Experimental result under source variation: t1 : Vdc increment,
t2 : Vdc decrement

6 Conclusion

This paper introduced an SC-based transient power supply to
stabilize the output of DC microgrid under fluctuating loads.
The fast-responding nature of SCESS is utilized to mitigate
the transient effect onDCmicrogrids such that the changes in
the DC main bus are minimal. System realization is carried
out by connecting a controlled SCESS network in parallel
with a dedicated fluctuating load bus. The low-pass filter-rate
limiter regulates the SCESS operation. The simulation study
discloses the feasibility of the system. The DC bus current
varies smoothly, and the SCESS compensates the transient
power requirement. The experimental results confirm that the
SCESS strongly supports the DC microgrid under all fluc-
tuations and adverse conditions. Thus, the proposed method
could be a long-lasting solution to improve the power quality
issues related to fluctuating loads of future DC microgrids.

References
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