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Abstract

Incorporation of intermittent renewable sources and nonlinear loads to DC
microgrid (DCMG) has increased its vulnerability to voltage instability and
flicker. An innovative Demand Side Management (DSM) program that can
help in mitigating these voltage disruptions is the deployment of DC Electric
Spring (DCES) technology. In this regard, this paper focuses on small signal
modeling and controller design of shunt DCES (ShDCES) in DCMG. The
test system comprises of an MPPT controlled Solar Photo-Voltaic (SPV)
system, battery-operated DCES and various loads. The MATLAB / Simulink
performance analysis of the system indicates that, with the incorporation of
power management strategy, the ShDCES configuration has enhanced the
power quality of SPV-fed DCMG with fast dynamic response in comparison
with its “series” counterpart. The effective utilization of battery operated
DCES on the load side, instead of the source side, makes it less battery
dependent, resulting in enhancement of battery life and lesser environmental
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hazards. The simulation results are also validated using real-time simulator
OP4510 RTS.

Keywords: DC microgrid, shunt DC Electric Spring, PI controller, power
management strategy.

1 Introduction

In the last few decades, there has been an increased urge to reduce carbon
footprint by utilizing the increased penetration of renewable energy sources
in the modern grid, which has lead to grid instability and poor power
quality. The use of microgrids could be beneficial to get rid of these draw-
backs. Generally, microgrids are categorised as AC, DC and hybrid AC-DC
microgrids [1–6].

It was Thomas Alva Edison who first tried the concept of DC grid in
1882. However, this concept failed to gather momentum owing to exces-
sive transmission losses at low DC voltages. The need for conversion to
higher voltages and lack of technologies for DC voltage conversion has
eventually resulted in the alternating current systems innovated by Tesla
to take over DC network [4, 5, 7]. Now, it is the most appropriate time
to return to the DCMG concept owing to the tremendous advancement in
power electronics and increase in demand for remote onsite generation via
renewable energy sources(RESs). Also, the bottlenecks faced by Edison’s DC
grid are no longer relevant due to RESs, present-time electronic appliances
and all storage devices being DC in nature, eliminating the requirement for
reactive power compensation, synchronization and additional power con-
version stages [5, 7–9]. This makes the DCMG a viable substitute for AC
grid in today’s world, particularly to small scale residential applications
where remote onsite generation is an option. Furthermore, it might even be a
favourable choice to extend a feasible, inexpensive and dependable solution
for isolated electrification projects in rural areas. Thus the DCMG has turned
out to be one of the most preferred alternative for remote power delivery.
Despite these advantages, DCMGs are susceptible to voltage flickers and
instability owing to the integration of non-dispatchable renewable energy
sources, nonlinear loads, and occasional faults [8–13]. The primary challenge
faced by the DCMG is the need to maintain dynamic voltage regulation as
today’s electronic loads are intolerant to voltage changes and also the stability
of a DCMG is indicated by its constant bus voltage.
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The stability of any power system depends heavily on the balance
between supply and demand. Conventional power system follow a power
generation based strategy rather than being load dependent [10, 11]. As it
is impractical to determine real-time generation due to the intermittent nature
of RESs, it would be preferable to shift to demand oriented power control
strategy [12–14]. Battery is one of the alternative to achieve real time instanta-
neous energy balance, but prohibitive costs of batteries and the environmental
hazards from disposal of defunct batteries are the major challenges [15, 16].

Electric Spring (ES) is a newly proposed concept to reduce the bat-
tery requirement and to enhance the stability of the DC grid having non-
dispatchable renewable energy sources with altering characteristics. The
objective of prior research has mainly been on the use of ES in AC power sys-
tems [17–19]. The ES is a switched mode voltage converter usually connected
in series with Non-Critical Loads (NCL) for grid stabilization functionalities
against disturbances arising from integration of renewable resources in AC
systems [17]. Inclusion of storage elements to ES configuration extended its
functionalities to include storage reduction [20–22], three phase balancing
etc [23] and frequency stabilization [24].

Present-day research has concentrated on exploring the feasibility of
SDCES as a smart load cascaded with deferable loads [25–30]. One missing
element in these researches has been voltage tolerance limit of the NCLs.
As a result, practical implementation of SDCES configuration is not possible
without a proper power management scheme with load shedding. At the same
time SDCES has a slow response compared to its shunt counterpart [26, 31].
So, this work focuses on the feasibility of using ShDCES configuration on
low voltage DCMGs in conjunction with the incorporation of a power man-
agement strategy. Both the simulation and experimental study in an SPV fed
DCMG test system have revealed the efficacy of ShDCES in improving the
dynamic voltage regulation and lengthening the lifetime of battery storage.
Contributions to the work are summarized as follows:

1. A detailed small signal modeling and controller design procedure for
ShDCES integrated DCMG are developed.

2. A power management strategy for the efficient utilization of ShDCES in
DCMG is proposed. The proposed method effectively manipulates the
NCL to enhance the charge/ discharge cycle of battery.

3. The proposed power management strategy and selected controller
parameters are verified using simulation as well as OP4510 RTS real
time environment.
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The remaining sections are structured as follows. The Section 2 deals with
system configuration and modeling which includes the basic concept, design
and operating modes of DCES, PV design and system loads. Section 3 cov-
ers controller design and power management strategy of SPV-fed ShDCES
integrated DC microgrid test system. The simulation studies, experimental
validation and conclusions are detailed in Section 4, Section 5 and Section 6
respectively.

2 System Configuration and Modeling

The generalized block diagram of the test system is as depicted in Figure 1.
The system basically includes MPPT controlled SPV system, ShDCES and
loads. The loads and sources are interfaced to the DC bus via converters.
The battery operated ShDCES is connected in parallel with the loads to
meet demand during shortfall in PV generation. A control strategy together
with a power management strategy is proposed to ensure DC bus voltage
stabilization during source-side and load-side disturbances.

Similar to mechanical springs that are capable of storing and releasing
equivalent energy to create a force by averting the displacement from normal,
ES brings about boost or buck in voltage based on system necessity. The
term ES has been coined from the irrefutable force-voltage analogy in control
system engineering [26].

Figure 1 Generalised block diagram.
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Figure 2 Basic configuration of DCES.

The DCES utilizes a battery and a single legged bidirectional DC-DC
converter which can operate in buck and boost mode as depicted in Figure 2.
The supply-side voltage variation triggers the DCES into action for main-
taining a constant voltage across NCL, by injecting or absorbing a suitable
voltage to or from the ES, in order to maintain power balance automati-
cally. It is obvious from the findings that DCES could play a major role in
minimizing battery storage requirements in smart grid as well as reducing
charging/discharging cycles of batteries.

Depending on the operating principle, there are two categories of DCES,
namely SDCES and ShDCES [26–28]. Both SDCES and ShDCES are DC-
DC converters with storage devices operating in synchronisation with voltage
controller circuit for accomplishing stabilized DC bus voltage. The SDCES
plays the role of a controllable voltage source to form a smart load when
cascaded with NCL [17, 26]. When the bus voltage is above reference value,
current is absorbed to raise the NCL voltage, while buck operation is initiated
to release current when the bus voltage drops below the reference value. The
ShDCES acts as a controllable current source shunted with the DC bus [26].
When the bus voltage surpasses its reference value, the DCES draws current
from the bus whereas it releases current to the bus when the bus voltage gets
below the reference value. ShDCES maintains a consistent voltage across all
the loads attached to the bus [17, 26] as opposed to SDCES, which regulates
bus voltage by relinquishing the voltage quality of NCL. Hence, this work
has proceeded with shunt type configuration and Figure 2 depicts the basic
circuit of ShDCES.
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2.1 Operating Modes of DCES

The modes of operation of DCES are grouped into four categories [8–12,23]:

1. Boosting Discharge Mode (BDM): When the source voltage drops
below the desired value, DCES initiates a discharge from the battery
resulting in boosting bus voltage to reinstate system stability.

2. Boosting Charge Mode (BCM): This mode is triggered and operated
similarly to the BDM. The additional power is utilised to initiate the
charging mode of battery.

3. Suppressing Discharge Mode (SDM): In this mode, when bus voltage
ascends the desired value, DCES initiates battery to discharge and
transfer extra power to the bus thus stepping down the bus voltage.

4. Suppressing Charge Mode (SCM): The SCM is similar to SDM but the
additional power is utilized to charge the battery instead of delivering to
the bus.

The operating modes of SDCES include BDM, BCM and SCM whereas
ShDCES operates only in BDM and SDM [26, 29–31].

2.2 Design of ShDCES

The design of ShDCES comprising of a single legged bidirectional DC-DC
converter topology operating in buck and boost mode is briefly presented. The
bidirectional converter consists of an input port and output port. A battery is
connected to the input port and the output port is connected to the DC bus
which also links the MPPT controlled SPV module. When it is operating
in boost mode, switch S1 conducts at the specified duty cycle whereas, the
internal diode of S2 is engaged during the complimentary cycle [32–35]. Sim-
ilarly during buck mode, switch S2 is brought to conduct at needed duty cycle
while the internal diode of S1 gets into action during complimentary cycle.
The equations found in [33] are used in the design of passive components of
ShDCES assuming continuous conduction mode of operation.

Ld =
VdcD

4 idcesfsw
(1)

Cd =
IdcesD

4vdcfsw
(2)

D =
Vdc − Vdces

Vdc
(3)
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Figure 3 (a) I-V Characteristics (b) P-V characteristics of PV panel with varying irradiance
(c) P & O MPPT algorithm flow chart.

2.3 PV Design

Modeling of PV arrays are detailed in several literatures [36–38]. PV modules
are cascaded and/or shunted forming PV arrays to match the needed voltage
and current. The temperature and irradiation variation strictly affects the
PV array’s characteristic curves. Figures 3(a) and 3(b) indicate I-V and
P-V curves of the PV array used for simulation. Figure 3(c) depicts the
flow chart of Perturb and Observe (P&O) algorithm used for the MPPT
controller [39]. PV specifications are listed in Table 1. Equation (4) represents
the characteristic equation of single diode model of PV array.

ipv = Npiph −Npirs(e
(
q(

Vpv
Ns

+
ipv
Npv

)

AKT
) − 1)−

NpVpv

Ns
+ ipvRs

Rsh
(4)

Where:
VPV : PV array voltage
IPV : PV array current
Iph: Total photo-current generated from PV array
Irs: Reverse saturation current of PV cell
Rs & Rsh: Series and parallel resistances
A: Diode ideal factor
T: PV cell’s working temperature
K: Boltzmann’s constant (1.38·1023J/k)
Np: Total number of Parallel connected PV cells
Ns: Total number of series connected PV cells.
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Table 1 The system parameters for simulation
S.No Parameters Values

1 PV Parameters
Open Circuit Voltage (Vpv) 38.6 V

Short Circuit Current (ipv) 8.93 V

Voltage at MPP (Vmp) 31.6 V

Current at MPP (Imp) 8.21 V

Power at MPP (Pmp) 259.4 W

2 DCES Parameters
DCES Voltage (VDCES) 24 V

DCES Ah Capacity 17 Ah

DCES Inductance (Ld) 2.2 mH

DCES Capacitance (Cd) 230 µF

Switching Frequency (fsw) 20 kHz

3 Load Parameters
Critical Load Resistance (RCL) 20 Ω

Non Critical Load Resistance (RNCL) 20 Ω

Nominal Load Power 0.5 kW

Bus Voltage (Vbus) 48 V

Figure 4 Basic circuit of ShDCES.

2.4 System Loads

Electrical loads are differentiated as Critical Loads (CL) and Non Critical
Loads (NCL) based on its tolerance limit for voltage [26]. CL includes appli-
ances such as data servers and computers which require a constant DC voltage
whereas NCL includes devices like washing machines, electric water heater
and air conditioners which can withstand wider variations in DC voltage but
within an admissible range [26]. This paper focuses on ShDCES configura-
tion where RCL represents critical load and RNCL represents noncritical load
as depicted in Figure 4. The RL represents the parallel combination of RCL

and RNCL as the proposed system for analysis is ShDCES.
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Figure 5 ShDCES integrated SPV Fed DC microgrid.

Figure 6 Control and Power management strategy.

3 Controller Design and Power Management Strategy

A single bus ShDCES integrated DC microgrid as shown in Figure 5 is
proposed in this paper. The control as well as power management strategy
adopted for ShDCES is as shown in Figure 6. The control strategy regulates
the bus voltage and ShDCES current. The power management strategy (PMS)
decides the operating mode of ShDCES under load and source side variations.
The ShDCES current is regulated by current loop and the bus voltage is
regulated by voltage control loop. The small signal modeling and analysis
done for the selection of controller parameters are detailed in Section 3.1.

3.1 Small Signal Modeling and Stability Analysis of ShDCES

The linearized Equations (5) and (6) of ShDCES are derived assuming
constant DCES voltage and small signal modeling procedure and are used
to derive the corresponding control transfer functions.[

˙̂idces
˙̂vdc

]
=

[
0 −(1−D)

Ld
1−D
Cd

−1
RLCd

] [
ˆidces
v̂dc

]
+

[
Vdc
Ld

−Idces
Cd

]
d̂+

[
1
Ld

0

]
ˆvdces (5)

[
ˆvbus
]
=
[
0 1

] [ ˆidces
v̂dc

]
(6)
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Table 2 The SSM based controller transfer functions

(a) Control to voltage transfer function

GV d(s) =
ˆVdc(s)

d̂(s)
= (1−D)Vdc−LIdcess

LCds2+
Ld
RL

s+(1−D)2

(b) Control to voltage transfer function

Gid(s) =
îdces(s)

d̂(s)
= CVdcs+2(1−D)Idces

LdCds2+
Ld
RL

s+(1−D)2

(c) Current to voltage transfer function

Gvi(s) =
V̂dc(s)

îdces(s)
= (1−D)Vbus−LdIdcess

CdVdcs+2(1−D)Idces

Figure 7 Small signal model of ShDCES integrated DC microgrid.

The expressions for DC voltage to DCES current transfer function (Gvi

(s)), DC voltage to duty cycle transfer function (Gvd(s)) and DCES current
to duty cycle transfer function (Gid(s)) of ShDCES are given in Table 2.

3.2 Controller Parameter Design

A dual loop control methodology comprising an inner current control loop
and outer voltage control loop as shown in Figure 7 is adopted in this paper.
The current control loop is designed with a larger bandwidth to operate the
voltage control loop independent of current control loop thereby simplifying
the design of voltage control loop.

3.2.1 Inner Current Loop Controller
The inner current control loop for the DCES is designed using the control
transfer function represented in Table 2. To ensure stability, a bandwidth of
10 krad/sec and 60◦ phase margin is chosen to design the controller of the
current control loop of DCES. (Gidces-ol ) represents the open-loop transfer
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Figure 8 Bode plot of uncompensated and compensated current control loop.

function of DCES current control loop and is expressed as follows: Gidcs-ol =
GciGidHc, Hc = 1

Kpc and Kic represents the proportional and integral gain for the DCES
current control loop respectively. Hc denotes the feedback gain of DCES
current control loop. The Bode plot of the DCES current control loop with
and without compensator is shown in Figure 8. The controller parameters are
designed using the SISO toolbox in MATLAB and the values obtained are
Kpc = 0.3672 and Kic = 1888.

3.2.2 Outer Voltage Control Loop
The transfer function represented in Table 2 is used for calculating Gol-vdc
which is the voltage loop’s open-loop transfer function. The Gol−vdc is
obtained as follows: Gvdcol = GcvGviHv Hv = 1 The feedback gain for
the overall voltage control loop is represented as Hvdc. Figure 9 represents
the Bode plot of the uncompensated and compensated open-loop transfer
function for voltage control loop. The controller parameters are designed to
meet a bandwidth of 600 rad/sec and a phase margin of 60◦ using the SISO
toolbox in MATLAB so that the system stability of outer voltage control loop
is ensured. The designed parameters for the outer voltage control loop are
Kpv = 0.152 and Kiv = 203.

3.3 Power Management Strategy

The proposed Power Management Strategy (PMS) aims at ensuring efficient
operation of ShDCES by accommodating both load power demand and SoC
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Figure 9 Bode plot of uncompensated and compensated outer voltage control loop.

range of DCES. The unified controller of ShDCES operates in relation to
power availability in the DC bus. However, a PMS is required to control
the charge and discharge cycles of ShDCES, thereby ensuring increased
battery life. The power flow in NCL and CL can also be controlled using
the proposed PMS.

The proposed PMS controls the operation of NCL by measuring the
power demand and SOC of ShDCES. The flowchart of proposed PMS is
illustrated in Figure 10. PdcesU and PdcesL are the upper and lower limit
of ShDCES power demand. If the ShDCES power demand is greater than
PdcesU , the CL power demand is met by sacrificing the NCL whereas lower
limit enables the reverse power flow from DC bus. The operation of ShDCES
is determined by the availability of PV power, if the power demand lies
between upper and lower limit. This aids in extending the operating hours
and life span of battery operated ShDCES.

The DCES operation is designed based on available SoC (SoC dces) and
load demand. The modes are explained as follows:

i SoC dces >80%: In this mode, the stored energy in ShDCES is at its
maximum allowable limit. Charging is limited and supplying to the
load is preferred. Hence, NCL and CL are active and PV shifts to load
regulation mode to supply the load demand. If the PV generation is less
than load power demand then ShDCES meet the deficit power of CL.

ii 50% < SoC dces < 80%: In this mode, the ShDCES can supply or
absorb energy depending on the load demand. In this SoC dces range,
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Figure 10 Flow chart of Power management strategy of ShDCES.

the ShDCES would have enough power to meet the total load demand.
This mode is divided into two sub modes so as to control the operation
of NCL and CL. If the power demand to the ShDCES is greater than
PdcesU , then NCL is disconnected to support the power demand of CL.
On the other hand, if the power demand is less than the upper limit
allowed, the ShDCES operates to supply or absorb power from DC bus.

iii 20% < SoC dces < 50%: In this mode,the SoC dces of ShDCES lies in
between 20%and50%. Hence, the NCL is disconnected to fully utilize
the ShDCES for CL power demand. Also, the PV operates in MPPT
mode.

iv SoC dces < 20%: If the SoC dces is less than 20%, the NCL is discon-
nected and the operation of CL and DCES are determined by the PV
power availability. If there exist excess PV generation after meeting CL
demand the DCES absorbs the excess power to regain its SoC. If the PV
generation is not sufficient to meet the CL demand, PV control shifts
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to load regulation mode. Load regulation is not discussed as the focus
of the work is on ShDCES. Preference of this mode is to charge the
ShDCES and helps in restoring the normal operation of the system.

4 Simulation Results and Discussions

Extensive simulation to validate the efficacy of the proposed scheme were
conducted. The simulation parameters are shown in Table 1. The maximum
PV power is set as 0.5 kW. The PdcesU and PdcesL are set as 100 W and 0 W
respectively. Total CL power demand is 400 W. The system was tested under
various source and load disturbances.

4.1 System Response to Load Disturbances

The performance evaluation of the proposed control and PMS of ShDCES
was carried out under load disturbances in MATLAB / Simulink. Figure 11

Figure 11 The DC bus voltage, ShDCES Current, CL current and NCL current.
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shows the DC bus voltage, CL current, NCL current and ShDCES current.
In the case study, load disturbances are applied at instances t = 1 sec and
t = 2 sec. From time interval t = 0 to t = 1 sec, the CL load demand is
400 W and PV generation is 260 W only. As per the PMS, the PV source and
ShDCES operate together for supplying the CL and the NCL is deactivated
to make the system less battery dependent. i.e. the ShDCES operates in boost
mode to supply the deficit of 140 W to meet CL demand. To analyse the
coordinate operation of ShDCES, NCL and PV source, the CL connected to
the system was reduced to 200 W at t = 1 sec and then reverted back to
400 W at t = 2 sec. The reduction in load demand is reflected as a reduction
in ShDCES current resulting in the activation of the NCL, so that PV source
and ShDCES can supply NCL and CL simultaneously. The waveforms depict
that the DC bus voltage is regulated constant with faster dynamic response
even during load disturbances. The waveforms in Figures 11 and 12 ensure
that the proposed PMS makes the system less battery dependent and the
life cycle of battery in ShDCES configuration is prolonged by reducing its

Figure 12 The PV voltage, PV current, ShDCES power, CL power and NCL power.
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Figure 13 Experimental set up for real time study.

charging/discharging cycle. The PV voltage, PV current, ShDCES power, CL
power and NCL power shown in Figure 12 validate the power sharing. Fig-
ure 13 depicts the experimental set up of the test system. The results obtained
from real− time simulator shown in Figure 14 validate the effectiveness of
the proposed system.

4.2 System Response Under Variation in PV Source

The performance evaluation of the proposed control and PMS of ShDCES
under variation in PV source is analysed in this section. The variation in PV
power enables ShDCES to operate in two modes in a DCMG environment.
When the total load demand exceeds PV power generation, the ShDCES
operates in boost mode to supply the deficit power to meet the load demand.
This is shown between instances t = 3 sec and t = 4 sec in Figure 11. If the
power available from PV generation is more than CL power demand, NCL is
activated. From t = 4 sec to t = 5 sec, the PV generation is increased such
that the total PV power is more than sum of CL and NCL power demand.
Thus both NCL and CL are active simultaneously and surplus power is used
to charge ShDCES by operating in buck mode. Figure 12 shows the power
sharing of PV source, ShDCES, CL and NCL.

The simulation study reveals that the disconnection of NCL at the time
of excess power demand ensures the smooth operation of CL and ShDCES.
Whenever the CL power demand exceeds PV power, the NCL is connected or
disconnected based on the available power of ShDCES. Hence the proposed
PMS ensures reduced battery storage requirement as the reduction in PV
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Figure 14 (a) PV current (b) ShDCES Current (c) CL current (d) NCL current (e) DC bus
voltage.

power generation results in the disconnection of NCL for meeting the CL
load demand.

5 Experimental Study and Discussions

A real-time simulation study using the OP4510 RTS simulator is conducted
to validate the MATLAB simulation results. The control method is included
in the control block of Matlab/Simulink® and real-time simulations were
performed using the FPGA-based real-time simulator as shown in Figure 13.
System parameters considered for experimental evaluation are similar to
those for simulation studies and are shown in Table 1. The performance
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evaluation of the proposed controller and PMS of ShDCES under variation in
load and PV source are experimentally validated. Experimental results of PV
current, SHDCES current, CL current, NCL current and DC bus voltage are
depicted in Figure 14.

To analyze DCMG performance corresponding to load variation, CL
power is reduced to 200 W at t1 which is reflected as a reduction in CL
current to 4 A as depicted in Figure 14(d). According to the PMS, the NCL
has activated which in turn increases the NCL current to 2 A as the load
demand is less than 20% of the rated load. At t2 CL current reinstates to 8.3 A
as depicted in Figure 14(c). In this case, the NCL is deactivated according to
the PMS and ShDCES begins to supply the power difference to maintain
critical load voltage stability which is reflected as 0 A for NCL as depicted
in Figure 14(d). In all of the above cases, the DC bus voltage is regulated at
48 V irrespective of the load variations which validates the effectiveness of
the proposed system.

When the total load demand exceeds PV power generation, the ShDCES
operates in boost mode to supply the deficit power to meet the load demand.
This is shown between instances t2 and t3 in Figure 14(b). If the power
available from PV generation is more than CL power demand, NCL is acti-
vated. As depicted in Figure 14(a) at instances t3 and t4, the PV generation is
increased such that the total PV power is more than the sum of CL and NCL
power demand. Thus both NCL and CL are active simultaneously as depicted
in Figures 14(c) and 14(d) and surplus power is used to charge ShDCES
by operating in buck mode as in Figure 14(b). In all the above mentioned
scenarios, the CL voltage is kept constant and the ShDCES balances the
maximum power generated by PV and load demand.

The real-time manipulation of the NCL reduces the battery’s
charge/discharge rate and thereby increases the cycle life of the battery.
The response of system operation with PV variations and load disturbances
validate the coordinate operation of ShDCES and PMS in regulating bus
voltage which in turn enhances DCMG stability.

6 Conclusion

The rapid increase in electronic loads, renewable generation units, and elec-
tric vehicles has created a galaxy of opportunities for the DCMG to play a
pivotal role in future power dispatch in an exponential way. The integration
of nonlinear loads and renewable sources could lead to power quality and
stability issues in DCMGs. The proposed control and PMS for the ShDCES
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configuration presented in this paper ensure DC bus voltage stabilization with
faster dynamic response during fluctuating irradiance and load-declining cir-
cumstances. The proposed PMS also makes the system less battery dependent
and extends the life cycle of the battery in ShDCES configuration by reducing
charging/discharging cycles. Both the simulation and experimental results
have substantiated that the utilization of ShDCES can reduce the power
quality issues and environmental concerns prevailing in stand-alone DCMGs
to a certain extent. The future scope of the work includes the development
of a new controller other than conventional PI controller which may further
enhance the stability of ShDCES integrated DCMG.
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