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DC-DC power converter (MIPC) for hybrid energy storage system (HESS).
When batteries are used for energy storage, their rates of charge and discharge

capacitors (SC), with their higher power density, can react immediately to sud-
Handling AE: Prof. Mekhilef, Saad den fluctuations and can take care of this issue. However, SC alone cannot be
used for storage, as they cannot supply power for longer durations. In HESS,
batteries and supercapacitors are used together, as their contrasting character-
istic makes them a perfect combination for energy storage. The HESS is inter-
faced with DC microgrid using MIPC. MIPC provides decoupled control of
battery and SC power and also facilitates energy exchange between storage
devices within the system. A controller is designed for DC microgrid applica-
tion, with its operation modified to control both HESS charging and dis-
charging operation, making it a unified controller. Conventional control
schemes neglect uncompensated power from the battery system, and power
sharing depends entirely on a low-pass filter (LPF). In the control scheme pro-
posed in this paper, uncompensated power from the battery system is utilized
to improve the SC system. This approach reduces the current stresses,
increases the life cycle of the battery, improves the overall system performance
to the step change in PV generation and load demand, and provides faster DC
grid voltage regulation. Simulation and experimental results are developed for
the proposed controller by varying photovoltaic (PV) generation and load
demand, providing faster DC link voltage regulation.
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1 | INTRODUCTION

In modern electric grid systems, DC microgrid is an attractive technology, providing easy integration with renewable
energy sources (RES), energy storage systems (ESS), and electric loads." Among the available RES, solar power
generation is the most economical, environment-friendly, and sustainable.

Energy storage systems (ESSs) have very distinct characteristics, and the most commonly used ESS is a battery.
However, batteries suffer from slow rate of charge/discharge cycles due to low power density.> In recent years, another
electrostatic storage component called supercapacitor (SC) is used as an energy storage system. SC are high power den-
sity devices that can respond quickly to the fluctuating and transient component of power to maintain stability of the
system.”> The combined action of battery SC is known as hybrid energy storage system (HESS) which improves the
system performance and life span of battery.*®

The DC microgrid integration with HESS is an efficient and cost-effective solution. To exploit the advantages of both battery
and SC, different configurations of HESS in DC microgrid applications are possible, viz. passive HESS configuration, semi-
active HESS configuration, and full-active HESS configuration.” In the current approach, full-active configuration with one or
more DC/DC converters was utilized for integrating the storage device and DC microgrid.® Power conditioning and energy
management strategy (EMS) are required parts of a HESS. When DC/DC converters are utilized in HESS, the multi-input bidi-
rectional DC-DC power converters (MIPCs) have better energy exchange performance between input sources compared to mul-
tiple single-input bidirectional converters (MSIBC) in full-active parallel configuration. The main advantage of MIPC is fewer
components and smaller size. These converters have established additional responsiveness, their circuit topology is simple, uni-
fied control of the storage component power flow is bidirectional, they offer high consistency and low production cost and size.
The control scheme is used to enhance the voltage regulation while maintaining the proper power flow balance in DC link.”

Several control strategies are being utilized for HESS such as artificial intelligence (AI) methods like fuzzy logic
control (FLC), artificial neural networks (ANNs), and genetic algorithm (GA).'® Based on the above control approaches,
the SC supports high-frequency power fluctuations and battery supports average or low-frequency power fluctuations.™

Several multiple input topologies have been proposed which can interface multiple sources with contrasting charac-
teristics to a common load. In Reference 12, multiple ESSs are interfaced to a three-winding high-frequency transformer
wherein each source is connected through a full-bridge circuit. For battery-supercapacitor HESS, eight connected
switches are required, and these may affect the overall efficiency as far as dc microgrid application is concerned. An iso-
lated multiport dc-dc converter was presented in References 13,14 which can manage power from multiple energy
sources to a common load. But power flow between the sources, if they were replaced by ESSs, was not explored. Even
though isolated converters support wide range of voltage levels as well as safety in the form of isolation, energy
management of multiple sources is difficult compared to that of nonisolated converters.

A number of multiple input nonisolated dc-dc bidirectional converters for interfacing multiple sources can be found in the
literature which offers far more flexibility in implementation and power management than isolated ones.’>*” In Reference 15,
a procedure for developing all possible double-input single-output dc-dc converters was described and was experimentally veri-
fied for a system with battery as one input. But, bidirectional power flow between the two input ports was not considered
which is necessary for HESS in microgrid applications. A multi-input dc-dc converter for various energy sources of diverse char-
acteristics was proposed in Reference 16, but with no power sharing option between the input sources. Wang et al'’ presented
a single inductor-based multiport converter for HESS. The computation and controller effort are much more since the paper
uses model predictive control. Moreover, state of charge (SOC)-based analysis is required for the validity of control strategy.

Faraji and Farzanehfard'® propose a multiport hybrid energy system with PV and battery. The independent use of
battery alone will increase the stress on the battery. Also, the proposed converter is not suitable for SC applications. Sato
et al'® also proposed a multiport converter for PV and battery. The proposed circuit was able to integrate battery with PV;
however, during various disturbances, the stress on the battery will be high. Yi et al*® developed unified control of energy
management system for PV-battery-based grid for both grid connected and islanded operation. In the proposed control
method, battery balances the AC micro grid and DC micro grid power in all different operating conditions. This increases
the battery stress, system cost, and reduces the life cycle of the battery. A high-efficiency dual-input interleaved converter
was proposed in Reference 25 which is especially suitable for energy storage sources. However, dual-input interleaved
converter circuit requires eight switches which makes the control strategy complicated. Few multi-input converters for
grid-tied and/or solar applications are reported in References 26-28. Similarly, multi-input converters are also widely used
in hybrid electric vehicle (HEV) applications as in References 29-35. However, in all the above multiple input converter
topologies, SOCsc is not maintained in predefined limits and protecting SC from over charge and discharge is difficult.
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Even though many works about multi-input bidirectional converters are available in literature, little or less
importance has been given to their controller development aspects. The main contributions of this work are as follows:

1. A multi-input bidirectional converter-based DC microgrid voltage stabilization is proposed in this paper.

2. Design a unified controller for charging and discharging of battery and SC HESS in order to make DC microgrid sta-
ble for load as well as source variations.

3. The proposed control scheme utilizes the battery uncompensated power to improve the performance of overall
system.

4. The main advantage of designed two-input bidirectional converter is its energy exchange mode where we can charge
SC independently from battery.

5. Improve the DC microgrid voltage regulation, reducing battery stress and increasing lifespan of battery.

A multi-input bidirectional DC-DC converter proposed in Reference 36 is used to interface the HESS to DC micro-
grid. The converter in Reference 36 has been modified in operation to suit for HESS operation in DC microgrid applica-
tions. In conventional control strategy, the total HESS current (charging/discharging) is divided into low-frequency
component of current supplied by using battery and high-frequency component of current supplied by using SC, with
the help of low-pass filter (LPF). However, in conventional control strategy, battery current tracking error is observed.
The error due to slow dynamics of the battery controller and DC-DC converter is not addressed. To address the afore-
mentioned issues, a new proposed control strategy is implemented which provides fast regulation of DC microgrid volt-
age.>”*® The proposed control strategy reduces battery stress and increases the lifetime of the battery.

The paper is organized as follows: The detailed investigation of the two-input bidirectional converter is developed in
Section 2. Proposed HESS control scheme is depicted in Section 3. Design of proposed controller for HESS is described
in Section 4. The simulation results for conventional and proposed schemes are presented in Section 5. The experimen-
tal results of the proposed structure are examined in Section 6. The final part of this paper is concluded in Section 7.

2 | HESS SUPPORTED RES CONFIGURATION

In this section, the architecture of two-input bidirectional converter configuration of HESS aided RES is illustrated in
Figure 1. Figure 1 includes off-grid RES involving PV and HESS with the arrangement of battery-supercapacitor bank. For
DC microgrid, PV generation is one of the most important RES. Boost converter is used to extract maximum power from PV

DC microgrid
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FIGURE 1 DC microgrid architecture operation of HESS with PV system
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panel and to interface with the DC microgrid. Combination of battery-SC bank makes the HESS configuration and in case of
any mismatch of PV generation and load demand, HESS responds immediately to provide fast regulation of DC grid voltage.

Various modes of operation are presented in detail.*® Modified converter operation is explained here. It consists of
three switching legs. Battery (V) and supercapacitor (Vs) modules are connected to legs 2 and 3, respectively. DC
microgrid (Vpc) is connected to leg 1. In this converter topology, battery voltage is taken as greater than SC voltage and
less than DC grid voltage. The high-frequency inductors Ly and Lg are connected between legs 1, 2 and 1, 3, respec-
tively. Different modes of operations are explained in the following sections.

2.1 | Power flow from HESS to DC grid

The switching sequence of the power semiconductor devices in this mode of operation is given in Table 1.The converter
operation in this mode can be divided into three time intervals in an overall cycle time of Tg as shown in Figure 2D.
The switching devices Ss_ S, are operated with duty cycle ds and complimentary of these signals drives switches Sg, S;.
Switch S is operated with duty cycle dg and S, is operated with its complementary.

DC microgrid voltage varies from steady-state value whenever there exists a mismatch between PV output power
and load power. DC microgrid voltage reduces if PV power generation falls due to reduced solar irradiance or load
exceeds PV generation capability. During this mode, HESS supplies deficient power required by the load to balance the

TABLE 1 switching states in

Time scale T, T, T;
different time intervals
Operating switches S5,53,S5 S5,54,S5 S1,54,56
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FIGURE 2 Equivalent circuit of two-input bidirectional converter, A, S,, Sz, S5 operates, B, S,, S4, S5 operates, C, S, S,, S operates,
and D, steady-state waveforms in discharging mode
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TABLE 2 switching states in
different time intervals.

TABLE 3 Relation between
different voltages in each mode
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Operating switches S1,54,S6
Power flow from HESS to DC grid
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FIGURE 3 Equivalent circuit of two-input bidirectional converter, A, S;, S4, S¢ Operates, B, S,, S4, S5 operates, C, S,, Ss, Ss operates,
and D, steady-state waveforms in discharging mode

DC microgrid. By properly controlling the bidirectional converter, power can flow from battery and SC bank to DC
microgrid in this mode, equivalent circuit of power flow from HESS to DC microgrid is represented in Figure 2A-C. At
time t = to, switching devices S,, S;, and Ss are turned on which will increase the inductor currents ig and ig linearly
with a slopes Vy/Lp and Vg/Lg, respectively. At time t;, switch S; is turned off to provide free-wheeling path for battery
current ig through body diode of S,. After dead time interval for switches S;/S,, the switch S, is turned on. At time t,,
the switches S, and S5 are turns off, SC current is to flow through the body diodes of switches S; and S¢ with a negative
slope of Vpc/Ls. Battery current iz also flows through body diode of S; with a negative slope of Vpc/Lg. At time ts,
switches S;, Sy, and Sg are turned off. Consequently, body diodes of switches S,, Sz, and Ss will conduct in order to
maintain flow of inductor currents. The currents ig and ig flow through with a positive slope of Vg/Lg and Vg/Ls,
respectively. After dead time interval, switching pulses are given to switches S,, S, and Ss turn on with ZVS. Where dg
is the duty ratio of switch S;, and dg is the duty ratio of switches S, and Ss.
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FIGURE 4 HESS energy exchange mode of operation A, equivalent circuit and B, steady-state waveforms

Applying volt-second balance to the voltage across inductors Ly and Lg gives the relation between DC grid voltage
to the battery and SC as shown in Table 3.

Since battery voltage Vg is greater than SC voltage Vg, dg will always be less than dgs. Power flow between battery
and SC to DC microgrid can be controlled independently by controlling dg and ds.

2.2 | Power flow from DC grid to HESS

Whenever PV-generated power exceeds that required by the load or when load demand decreases, there is excess power
existing in the DC microgrid which results in increase of DC grid voltage. The battery and SC will store extra power
generated from PV panel. Hence, in this condition, power flows from DC microgrid to HESS. The converter operation
using equivalent circuits in this mode can be explained in three switching time intervals as shown in Figure 3A-D.
Operating switches in each time interval are tabulated in Table 2.

At time t,, switches Sy, S, and Sg are operated to increase the inductor currents iz and ig with a negative slope
of Vpc/Ly and Vpc/Lg, respectively. In between the time t, to t;, inductors store energy. At time t;, switches S; and
Se¢ are turned off. Body diodes of S, and S5 are turned on to maintain inductor current is. Now, supercapactor will
charge by using energy stored in the inductor Lg. Inductor current ig free-wheels through body diode of switch S,.
At time instant t,, switch S, is turned off. Inductor current ig flows through the body diode of switch S; with a slope
of Vs/Ls. Now, battery gets charged using the energy stored in inductor Lg. At time instant t;, switches S,, S, and
Ss are turned off, consequently, body diodes of switches S;, S, and S¢ turned on to maintain flow of inductor cur-
rents. If dp is the duty cycle of switch S, and dg is the duty cycle of switches S; and Sg, apply volt-second balance to
the inductors Ly and Lg gives the relation between SC and battery voltage to DC grid voltage as presented in
Table 3.

2.3 | Power flow from battery to SC (Energy exchange mode)

Supercapacitor is a high-power density unit, it cannot deliver power supply for longer duration like battery. To main-
tain supercapacitor charge within the limits, it has to be charged using battery for proper functioning of HESS. In this
mode, power flows from battery to supercapacitor. Equivalent circuit and steady-state waveforms in energy exchange
mode operation have been shown in Figure 4.

In energy exchange mode, DC microgrid is disconnected from HESS by opening switches S; and S,. In this mode,
switching pairs S;/S, and Ss/Se¢ work in complementary manner. Switch Ss is completely ON in this mode which causes
switch S¢ to be completely open circuited as shown in Figure 4. Switch S; is operated with duty cycle of d and switch Ss
is completely on to make power flow from battery to supercapacitor like in buck operation. The two inductors are con-
nected in series to reduce the current ripple. By controlling duty cycle d, power flow from battery to supecapacitor can
be controlled. Converter switching operation for SC charging/discharging is shown in Figure 5. Applying volt-second
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FIGURE 5 Reconfiguration of converter switching operation
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balance to equivalent inductance Leq (Leq = Lg + Lg) gives the relation between battery voltage and SC voltage as pres-
ented in Table 3.

Similarly, power flow from the supercapacitor to battery is also possible by complimentary operation of switch Ss.
This operation is similar to the above explanation but indicates boost operation of switch S,.

2.4 | Mode transitions

The mode of operation is determined from continuous monitoring of supercapacitor SOC and present condition of DC
microgrid voltage. Battery energy does not deplete as quickly compared to the supercapacitor, so battery SOC is not con-
sidered in this work. Transition of different operational modes is shown in Figure 6. HESS is put into the charging
mode, when DC microgrid voltage is more than the set reference voltage, provided supercapacitor SOC is in prescribed
limits. When DC microgrid voltage is less than the set reference voltage, HESS is put into the discharge mode provided
supercapacitor SOC is in safe limits. If supercapacitor SOC is not maintained in prescribed limits, HESS is put into the
energy exchange mode operation, thus isolating the DC microgrid from HESS.

24.1 | Mathematical design calculations of filter parameters

For design of the filter inductor for bidirectional DC-DC converter is assumed to be always operated at continuous con-
duction mode (CCM). The mathematical design of the filter inductor and capacitor for various converters is given in
References 39,40.

The calculation of peak-to-peak inductor current (Ai;) of boost converter during switch ON period is calculated as

Aip =i (DT)—ir(0)
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Vpy.DT _Vpy.D _ Vpe.D.(1-D)

A = . 1
oM ==L fiL W
Similarly, Ai;, during switch OFF period of time
AiL = lL(DT) - lL(T)
Vpe=V, 1-D)T Vpe.D.(1-D
niy(orF) = Yoe=Vrv)A=D)T_ VpeD-(1-D) (2)

L fiL

In the current experimental work, PV panel source is rated at: MPP voltage (Vpy):12 V, MPP current (ipy): 1.34 A and maxi-
mum power (P,.): 16.08 W. For designing DC microgrid voltage (V) to 20 V, load resistance can be selected as follows

Vpc? 207
Riped = Ml =25Q.
Ppax 16

For designing filter inductor, the peak-to-peak inductor current (Aiy) is limited to 5% of total current in this work,
inductor (L) is defined as follows

_ VD
L= (3)
Similarly, the output filter capacitor(C) reduces the voltage ripple, thus can be calculated as
DV
C=__—"Pc (4)

fs-Rioad-AVpc

3 | PROPOSED CONTROL SYSTEM SCHEME OF HESS

The control system block diagram representation of conventional and proposed control scheme is shown in Figure 7A,
B. The proposed control scheme will contribute a controller which will not only provide good closed loop performance
but also provide stable operation amid converter dynamics and external disturbances. The nominal value of DC link
voltage (Vpc) is compared with a reference voltage (Vpcref), and the error is offered to the PI controller in both
schemes, which generates total current (i) from ESS in this process. In the conventional control scheme, total current
is divided into low-frequency (ILow) and high-frequency (Ig;gy) components of current using LPF, which is given as
reference currents to battery and supercapacitor loops, respectively, and it is represented in Figure 7A. In the conven-
tional control scheme, SC current reference consists of high-frequency component and battery error component which
is explained in proposed control scheme. Conventional control scheme neglects battery current error arising due to the
battery controller.

The proposed control scheme is represented in Figure 7B. The power flow in DC grid under PV generation, and load
changes are classified into two types (a) steady-state power component (Pg4) and (b) transient power component (Pyap).
The power balance equation given as

Pdc(t) _Pren(t) :PB([) +PSC(t) :Pstd(t) +Ptran(t): (5)

where, Py.(t), Prn(t), P5(t), and Pgc(t) are the DC grid power, RES power, battery, and SC power, respectively. The HESS
charges and discharges, maintaining the DC grid voltage in predefined limits. The sum of battery and SC powers are
given as
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FIGURE 7 Overall control system description for current bifurcation b/w SC and battery unit A, conventional control scheme and B,
proposed control scheme

PB(t) +Psc(l) :Pstd(t) +Pmm(t) = VDC-itol<t)- (6)

Regulates the DC link voltage by controlling total current demand represented as follows

iror = %CW = istd(t) + itran(t)- (7)

Voltage control loop calculates the total current (i;,,) demand as follows:
ilot(t) = istd(t) + iran (t) = Kp,v-verr + Ki,v~ Jverrdt’ (8)

where K,,,, and K;, are the proportional and integral constants of the outer voltage control loop. v.,. represents voltage
error. For achieving better DC bus voltage regulation by effective sharing of total current demand(i,,). In conventional
control scheme, LPF extracts steady-state part from total current (i,,,).

We

iB,ref(S) = istd(t) = m,imt(s)’ (9)

where w, represents LPF cut-off frequency and ig .(s) represents the battery current reference for the battery control
loop. Steady-state current is controlled by battery system. Due to slow response of battery system, uncompensated
power is observed from the battery system. The battery uncompensated power is given as follows.
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P un(8) = (inrer ()~ i5(5)). Vi (s) (10)
PBJm(S) = l'B,err(S).VB(S), (11)

where Pp ,,(s) is the uncompensated power from the battery system. In the proposed control strategy, uncompensated
power is utilized to improve the performance of the SC. Utilizing both uncompensated power and transient current
component to design new SC reference current is given as follows.

on(9) = (1= 505 ) 12

VB(S)
VSC (S) '

iscref (8) = ltran () + (iBJef(S) - iB(S))- (13)

The battery and SC reference currents are compared with actual currents. Battery and SC error current are fed to PI
controller. The duty cycle is calculated for the respective current references. dg and dgc are the duty cycle for battery
control and SC control as shown in Figure 7A,B.

(A) B)
VDC,ref ISeyref| dsc igq | | Voe
PI Givdu 1= GV | )
IBref dg 1
SC current B —>
H control Batt ¢
e attery curren
I—I control
Outer voltage control H
H B
L

FIGURE 8 Block diagram representation A, supercapacitor control logic and B, battery control logic

TABLE 4 Small signal linear
averaged transfer functions

Control to SC current transfer function

) 1+S—RC
G __ isc(s) _ Vpc(1+dsc) (1+dsc)
Iscdsc = dsc(s) — R(1-dsc)® | s?——scC Lsc
(1-dsc)’ " "R(1-dsc)? 41

SC current to output voltage of transfer function

1-5. dLsc .
G, . = Vpe(s) _ R(1—dsc) R(1-dgc)
voelse T ise(s) T (I4dsc) | 14+SRe- +R'1CSC

Control to battery current transfer function

Ging, = ip(s) — Ve 14 SRC
845 T dp(s) T dpR(1—dsc)’ | SP—LE S 4S—TB 41
(1-dsc) R(1-dsc)

PI controller transfer function of inner SC current loop
Gpisc =Kpsc+ K'—§c

PI controller transfer function of battery current loop

_ Kip
Gpipar =Kpp + 75

PI controller transfer function of outer voltage control loop

Ky
Gpiv =Kpp + =5
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Bode Diagram
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FIGURE 9 Bode plot of inner SC current logic for with and without compensation

4 | CONTROLLER DESIGN FOR HESS

The control system block diagram representation consists of an inner SC current loop and outer voltage loop as shown
in Figure 8A. Similarly, battery current reference is regulated by using current control as shown in Figure 8B. SC cur-
rent control loop bandwidth is higher compared to battery current control for the fast response. Inner SC current loop
operates faster compared to outer voltage loop. Hence, current loop bandwidth is maintained more than voltage loop.
Switching frequency is selected as 10 kHz in this work.

41 | Design of SC current control loop

The small signal transfer functions, calculated for the control parameters of SC control loop, are represented in Table 4.
In Table 4, Vpc represents DC grid voltage, ip: battery current, isc: SC current, dg: duty cycle of battery current control-
ler, and dsc: duty cycle of SC current controller, respectively. The open loop transfer function G;, 4. is used to deter-
mine current compensated parameters. In Table 4, K, sc and K; sc are the proportional and integral gains for the SC
current controller. PI controller parameters for SC inner current control are obtained by selecting bandwidth of 1.6 kHz
and phase margin of 60°. By using MATLAB SISO tool box, the SC current compensated parameters computed are Kp,
sc = 0.4124 and K; s¢c = 2291.

The open loop and closed loop transfer functions for SC current control loop are determined for stability analysis of
the system.

Gol sc = Gpi,sc~Giscdsc -Hsc

GPi,SC Gigedsc -
9
1+ GPi,SC'Giscdsc Hgc

Ge sc=

where G, sc represents open loop transfer function, G, sc represents closed loop transfer function, and Hgc represents
feedback gain of SC current control loop. The compensated and uncompensated bode plots for open loop SC current
control loop are as shown in Figure 9. The bode plot representing designed controller is stable for a given phase margin
and gain margin.
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4.2 | Design of battery current control loop

The battery current control loop small signal transfer functions are given in Table 4. The open loop transfer
function of battery control Gi,g, is used to determine control gains. In Table 4, K,, ;, and K; ;, represent proportional
and integral gains for battery control loop. The battery controller gains are calculated using phase margin of 59.2° and
bandwidth of 1 kHz. By using MATLAB SISO toolbox control parameters are calculated to be k, , = 1.971 and
ki b — 7300.

Goi_B = Gpi-Giyay-Hp

Gpi,B-Giyd
1+ Gpi,B-GinB .Hp ’

GclﬁB =

where G,;  represents open loop transfer function and Hp represents feedback gain for battery control loop. The com-
pensated and uncompensated bode plots for open loop transfer functions are shown in Figure 10. Bode plot shows that
designed control is stable for given phase margin and gain margin.

Bode Diagram
80 . o - e

UnCompensated

Compensated

Magnitude (dB)

Phase (deg)

" " s el | ol L x
10 10 10 10 10
Frequency (rad/s)

FIGURE 10 Open loop bode plot of battery current logic for with and without compensation

Bode Diagram
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FIGURE 11 Open loop bode plot of outer voltage logic for with and without compensation
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(A) (B)

YES

FIGURE 12 SOC charge controller for SC; A, logic to select between charging and discharging. B, control logic diagram

4.3 | Overall outer voltage control loop

Battery and SC current compensated values are required for design of voltage control loop. Bandwidth of 200 Hz and
phase margin of 60° are selected for designing of outer voltage control loop. The proportional and integral gains for the
outer voltage loop are obtained as K, , = 0.5054 and K, = 266. Open loop transfer function of outer voltage control loop
is calculated as follows.

Gol_vnc = Gpi,v~Gcl_SC~GViSC ~HV~

Stability of the system calculated by using G,,,.. Where Hy represents feedback gain of voltage control loop. The open
loop transfer function of voltage control system for compensated and uncompensated bode plot is shown in Figure 11. For
the required phase margin and gain margin, the bode plot shows that system is stable for the given operating point.

4.4 | Supercapacitor state-of-charge controller

Unlike batteries, supercapacitors have low ESR. So, they cannot retain energy for long duration. In order to prevent
supercapacitor energy from getting depleted beyond a minimum permissible point, a control logic is designed to main-
tain the SOC within required limits. Whenever this desired range of SOC is violated, the converter enters into HESS
energy exchange mode as explained in section II. When SOC of supercapacitor falls below prescribed minimum limit, it
is charged with a constant current, Icy, with battery power. When SOC exceeds the maximum safe limit, supercapacitor
is allowed to discharge its excess energy to battery with a constant current, Icy. Thus, SOC of supercapacitor is
maintained within the limits by either buck (SC charging) or boost (SC discharging) operation as explained in
section II.

The control logic for SOC controller is shown in Figure 12. A PI controller is used to regulate the supercapacitor cur-
rent. The controller is designed based on buck mode control-to-output transfer function. Since its design is not within
the scope, it is not shown here. Same controller is sufficient for buck and boost operation in HESS energy exchange
mode explained above since transfer function is same for both the operations. It is to be noted that whenever HESS
energy exchange mode is active, either due to low SOC or high SOC, dc microgrid is isolated from HESS electrically.

5 | SIMULATION STUDY AND DISCUSSION

In this segment, the results of the conventional and proposed control schemes are displayed for four test cases. The
nominal parameters for simulation study are presented in Table 5. The entire model is implemented using MATLAB.
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TABLE 5 Nominal parameters for

S. No Parameters Value
simulation study

1 MPPT voltage (Vippt) 34285V

2 MPPT current (Imppc) 14 A

3 MPPT power (Prppt) 4380 W

3 SC voltage (Vsc) 32V

4 SC inductance (Lg) 0.355 mH

5 Battery voltage (Vg) 24V

6 Battery inductance (Lg) 0.3 mH

7 Boost inductance (L) 4.1 mH

8 Resistance (R) 48 Q

9 DC grid voltage (Vpc) 48V

10 Capacitance (C) 300 pF

The model consists of two bidirectional converters—one for battery and other for SC. The PV array is a unidirectional,
which is connected to the boost converter. The four operating cases are presented in the following sections for step
change in PV generation and load demand.

5.1 | Case I: Step increase in PV generation

The simulation results for step change in PV generation, conventional and proposed control schemes are shown in
Figure 13A,B, respectively. In both control schemes, due to atmospheric variations power produced by the PV panel
increases from 480 W to 680 W at t = 0.4 s. Due to this PV current increases from 14A to 20A at t = 0.4 s. In this case
load, power requirement is constant at 480 W. As PV power is more than the load power requirement, DC grid voltage
increases more than 48 V. Immediately, SC absorbs excess power of 200 W in short duration until battery can regulate
the grid voltage to 48 V. Thus, the battery and SC charge according to energy management scheme to maintain the grid
voltage constant at 48 V. The simulation shows a settling time of 290 ms for conventional control scheme and 80 ms for
proposed control scheme. The proposed control scheme has better dynamic performance and fast DC grid voltage regu-
lation due to the utilization of uncompensated power from the battery system to improve the SC system.

5.2 | Case II: Step decrease in PV generation

The simulation results for step decrease in PV generation for conventional and proposed schemes are presented in
Figure 13C,D, respectively. In both control schemes, due to atmospheric variations power produced by the PV panel
changes from 680 W to 480 W at t = 0.4 s. The step decrease in PV generation causes step decrease in PV current from
20A to 14A. The sudden decrease in PV generation causes decrease in DC grid voltage. The settling time for conven-
tional and proposed schemes is 220 and 60 ms, respectively. Proposed control scheme is approximately four times faster
compared to conventional control scheme. From the results, it can be observed that performance of proposed scheme is
better compared to conventional control scheme.

5.3 | Case III: Step increase in load demand

Simulation results for step increase in load demand for conventional and proposed control schemes are presented in
Figure 14A,B, respectively. At an instant t = 0.4 second, load demand increases from 480 to 720 W. This increases the
load current from 10 to 15 A. During this case, PV current is constant at 14A. Before t = 0.4 s, the steady-state values of
Vpc = 48V, ipy = 14A, and i, = 10A. At t = 04 s, the load demand increases to 720 W, which is beyond the power
range of PV generation. This creates a power imbalance between source power and load power. Immediately, HESS
responds, SC supply transient component of power demand and battery supplies steady-state component of power
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FIGURE 13 Simulation results for step increase in PV generation; A, conventional control scheme and B, proposed control scheme.
Simulation results for step decrease in PV generation; C, conventional control scheme and D, proposed control scheme

demand. The DC grid voltage is regulated in 205 ms in conventional control scheme and 60 ms in proposed control
scheme as shown in Figure 14A,B.

5.4 | CaseIV: Step decrease in load demand

The simulation results for step decrease in load demand for conventional and proposed control schemes are presented
in Figure 14C,D, respectively. At t = 0.4 s, load power demand decreases from 480 to 240 W. This causes load current
changes from 10 to 5 A. The sudden change in load current affects the DC grid voltage. HESS responds immediately to
these fluctuations to handle the excess power in the DC microgrid. The transient component of power handled is by the
SC and average or steady-state component of power is handled by the battery in both the control schemes. The times
taken to restore the voltage, in conventional and proposed control scheme, are 200 and 80 ms. From the results, it can
be seen that the proposed control scheme is faster with less peak overshoot DC grid voltage compared to conventional
control scheme.
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FIGURE 14 Simulation results for step increase in load demand; A, conventional and B, proposed. Simulation results for step decrease

in load demand; C, conventional and D, proposed

5.5

The performance of the proposed control scheme is evaluated in comparison to the conventional control scheme with

| Comparative performance evaluation

step change in PV generation as well as load demand for the peak overshoot and settling time to restore grid voltage.
During step variation of PV generation and load demand, the maximum peak overshoot can be calculated as follows.

The comparative performance of conventional and proposed scheme is shown in Figure 15. It can be seen from the

%MP =
DC,ref

|VDC,ref - Vmax|

x100.

graphical representation that the proposed scheme is three times faster compared to conventional scheme. In the
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proposed control scheme, the maximum peak overshoot is also reduced in all four cases. Proposed control scheme is
designed such that SC supports the HESS up to the time the battery reaches steady-state condition. The proposed
scheme offers faster DC grid regulation with robust operation.
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TABLE 6 DC microgrid

S. No Parameters Value : )
implementation parameters
1 SC voltage (Vsc) 10V
2 SC inductance (Lg) 1.43 mH
3 Battery voltage (V) 12V
4 Battery inductance (Lg) 4.8 mH
5 Boost inductance (L) 4.1 mH
6 Resistance (R) 25Q
7 DC grid voltage (Vpc) 20V
8 Capacitance (C) 150 pF
Tek Prevu I ] TekPrevu ; é | o
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FIGURE 17 Experimental results for step variation in DC grid voltage reference; A, step increase in voltage reference, B, step decrease
in voltage reference, C, step increase and decrease reference voltage, and D, SC voltage under step change in DC grid reference voltage

6 | EXPERIMENTAL RESULTS

The experimental setup developed for validation of a proposed controller for two-input bidirectional converter is shown
in Figure 16. The dSPACE-DS1104 digital controller board is used in this work to generate switching pulses. The
current sensor LA 55-P and voltage sensor LV 25-P are used for current and voltage measurements in the experimental
validation. The regulated power supply (RPS) acts like PV emulator whose current is controlled by the boost converter.
HESS is wired up using Exide Chloride 12 V, 7 Ah lead-acid battery and Maxwell BMODO0058 16 V, 58F supercapacitor.
The bidirectional converter is connected using six MOSFET switches IRFP460.

The performance of DC microgrid supported by HESS is verified for different cases. (a) Step variation of DC grid
reference voltage, (b) HESS charging mode, (c) HESS discharging mode, and (d) energy exchange mode. System
implementation parameters for DC grid are given in Table 6. DC microgrid is designed at a nominal value of 20 V.
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FIGURE 18 Hardware experimental results in HESS charging stop . 4
mode; A, DC grid voltage, battery current, and SC current, B, battery DC grid voltage,Va. -, 5 V/div
and SC SOC, and C, SC voltage waveforms
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6.1 | Step variation of DC grid reference voltage

The experimental results for step change in DC grid voltage reference are shown in Figure 17. At time instant t;, Ve, rer
is step changed from 18 V to 20 V as shown in Figure 17A. In this case, load resistance and PV generation are kept
constant at 25 Q and 1.34 A, respectively. Smooth transition of DC grid voltage is observed. The HESS supplies required
power to maintain the DC grid stability. SC supports transient current demand and battery supports steady-state
demand to maintain the DC grid stability. Similarly, Vpc s is step changed from 20 V to 18 V at time t, as shown in
Figure 17B. Figure 17C,D shows the experimental results of step increase and decrease of DC grid reference (Vpc rp). At
time t3, Vpc,rer is changed from 18 to 21 V, and immediately, HESS supplies required power to maintain the DC grid sta-
bility. At time t4, Vpc e is changed from 21 V to 18 V, and immediately, HESS responds with transient component of
current charging SC and steady-state component of current charging the battery to maintain DC grid voltage stability.

6.2 | Hybrid energy storage system charging mode

Here, performance of the designed controller in the scenario of surge in microgrid voltage either due to increased PV
generation or due to decrease in load is analyzed. Waveforms are given in Figure 18. In this case, surge in microgrid
voltage is realized by increasing load resistance. Initially, load resistance is R = 25 Q up till the instant t;. At t;, load
resistance is increased to 35 Q, and, as a result, there is a decrease in load demand, and the excess energy in dc grid
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causes a surge in grid voltage. Immediately, HESS responds in such a manner that transient component of current is
charging supercapacitor, and battery charging current is allowed to increase slowly till steady-state value at instant t,.

At time instant t3, load resistance is brought back to 25 Q. The battery and SC currents are back to the original state
as they were before time t;. At time instant t; and t;, the DC grid voltage almost constant at 20 V. Battery SOC, SC
SOC, and SC voltage waveforms are shown in Figure 18B,C. At time instant t;, SC SOC is increasing, indicating charg-
ing of SC. After the transient current period, SC remains idle as indicated by the constant SOC. Battery SOC is almost
constant, its energy is not depleted as quickly, compared to the supercapacitor.

6.3 | Hybrid energy storage system discharging mode

In this case, performance of the controller is pitted against decrease in microgrid voltage either due to decrease in PV
generation or due to increase in load. Waveforms are shown in Figure 19. Here, dip in microgrid voltage is realized by a
decrease in PV generation. Decrease in PV generation is implemented by decreasing the input current (Ipy) of boost
converter connected to RPS while maintaining input voltage (Vpy) constant at 12 V.

At time instant t;, PV current decreases from 1.34 to 1.1 A. This causes power mismatch between source and load
power, and there is a dip in the DC grid voltage. HESS supplies deficient power existing at the load side by discharging
both battery and SC. The SC mitigates the transient power requirement and battery supplies steady-state requirement
as shown by the current waveforms in Figure 19A. The combination of high-energy density battery and high power
density SC maintains the DC grid voltage constant to the nominal value of 20 V. Due to fast dynamical performance,
small spikes in DC grid voltage are negligible.

_Stop E 1
DC grid voltage,Vy. - i~ 5 V/div
Battery current, ig T T NG 0.5 A/div
) 1
D t; t,
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FIGURE 19 Hardware experimental results in HESS discharging
(©) mode; A, DC grid voltage, battery current, and SC current, B, battery

and SC SOC, and C, SC voltage waveforms
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FIGURE 20 Experimental results for HESS energy exchange
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At time instant t;, PV generation is brought back to normal state by making Ipy = 1.34 A. The SC current increases
instantly, and battery current slowly reduces to zero, regulating DC grid voltage almost instantly. The battery SOC, SC
SOC, and voltage waveforms are shown in Figure 19B,C validate the above explanation. At the instant t;, due to
decrease in PV generation, the SC SOC is found to be decreasing, indicating discharging operation of SC. After that
period, the SC is idle as indicated by the constant SOC waveform. Similarly, at time instant t;, SC SOC is increasing,
indicating charging operation, and after that, it is idle.

6.4 | Energy exchange mode

The power flow from battery to SC is illustrated in this mode. Experimental results for energy exchange mode are
shown in Figure 20A,B. Before time instant t;, HESS is disconnected from DC microgrid, and in this period, grid voltage
is 18 V due to reduced PV generation. At time instant t;, HESS is connected for discharging of battery and SC to regu-
late DC grid voltage to 20 V. At time instant t,, supercapacitor SOC is reduced to below 50%, which is taken as pre-
scribed lower limit of SOC range, and then HESS shifts from discharging mode to energy exchange mode. Now, SC
charges from the battery with a constant current of icyy = 0.8 A. During energy exchange mode, HESS is disconnected
from DC microgrid which is now evident from voltage waveform not being at the nominal voltage of 20 V.

7 | CONCLUSION

The performance of controller design, HESS modeling, converter design, and stabilization of DC microgrid against
disturbances from PV generation as well as load variations is tested. The proposed system consists of PI controller,
MIPC, DC sources and battery, and an SC based HESS. Battery current tracking error is observed in conventional con-
trol strategy. The error due to the battery current controller slows battery response. To address aforementioned issues, a
proposed control strategy was developed, which provides fast DC grid voltage regulation compared with conventional
control strategy. It utilizes battery error current to overcome slow dynamics of battery system. It decreases stress on
battery and increases battery lifetime. Moreover, decoupled, separate, and independent control of battery and SC power
was achieved as well as power flow between them. Low-power experimental setup is developed for two input bidirec-
tional converter for step change in PV generation and load demand. This system can be applied in HEVs where more
than two sources can supply power to the motor.
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