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Abstract: Many disabled people use electric wheelchairs (EWs) in their daily lives. EWs take a
considerable amount of time to charge and are less efficient in high-power-demand situations.
This paper addresses these two problems using a semiactive hybrid energy storage system (SA-HESS)
with a smart energy management system (SEMS). The SA-HESS contained a lithium-ion battery (LIB)
and supercapacitor (5C) connected to a DC bus via a bidirectional DC-DC converter. The first task
of the proposed SEMS was to charge the SA-HESS rapidly using a fuzzy-logic-controlled charging
system. The second task was to reduce the stress of the LIB. The proposed SEMS divided the
discharging operation into starting-, normal-, medium-, and high-power currents. The LIB was
used in normal conditions, while the SC was mostly utilized during medium-power conditions,
such as starting and uphill climbing of the EW. The conjunction of LIB and SC was employed to
meet the high-power demand for smooth and reliable operation. A prototype was designed to
validate the proposed methodology, and a comparison of the passive hybrid energy management
system (P-HESS) and SA-HESS was performed under different driving tracks and loading conditions.
The experimental results showed that the proposed system required less charging time and effectively
utilized the power of the SC compared with P-HESS.

Keywords: electric wheelchair; lithium-ion battery; supercapacitor; semiactive hybrid energy storage
system; smart energy management system

1. Introduction

Currently, there are an estimated 600 million people aged 60 years or older in the world [1].
In addition, people disabled due to traffic and lower-limb accidents add another 9 million to the count,
with an increasing rate of 500,000 per year. The quality of life of elderly or disabled people is restricted.
However, advancements in different assistive devices, such as wheelchairs, has led to an increase in
their range of activities [2]. While using electric wheelchairs (EWs), people want to travel greater
distances and reduce the amount of time it takes to charge the battery [3].

Various technologies have been employed for EWs, but their efficiency greatly depends on the
characteristics of their energy storage system (ESS) [4,5]. Various ESSs, including lithium-ion batteries
(LIBs), lead—acid batteries, and nickel metal hydride batteries, are used in vehicular applications [6,7].
Among these, LIBs are a widely used energy source due to their attractive properties such as high
energy density, low self-discharge rate, and long lifecycle [8-10]. A comparison of different properties
of batteries is shown in Figure 1. On the other hand, in vehicular applications, the battery faces many
challenges, such as the need for high power demand during acceleration or uphill climbing modes.
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Although a high-power battery is possible to tackle this problem, these batteries are quite bulky and
expensive [11,12]. The power specifications of the LIB are very low, and the peak-to-average-power
ratio ranges between 0.5 to 2 [13], which makes LIBs unpromising in high-power-demand situations.
Therefore, supercapacitors (SCs) can be used as a secondary ESS.

Lead-acid sodium  sodium nickel nickel vanadium  zinc bromine  lithium ion
sulphur chloride cadmium redox flow  flow battery
battery
m Energy density Power density Nominal voltage Life cycle

m Depth of discharge  ® Round trip efficiency ® Estimated cost

Figure 1. Comparison of different battery storage systems [14,15].

The power and energy density of SCs range from 1000 to 5000 W/kg and 1 to 10 Wh/kg,
respectively [16]. SCs have charging and discharging capabilities of 10-20 times more than LIBs [17].
SCs are not a replacement for LIBs but provide the power needed for EW systems when accelerating
up a slope. In addition, they have a longer lifecycle and a wider range of operating temperatures
(—4 to +70 °C) than LIBs, although they do have low energy density [18]. In electric vehicles (EVs),
the stress on the battery is higher than that in a hybrid electric vehicle (HEV) due to deep discharging
(~80% for EVs and ~10% for HEVs) [19]. A hybrid energy storage system (HESS) is a combination
of SC and LIB, which combines the advantages of both devices to fulfill the requirements of high
energy and power densities. SCs are normally used for high power storage, and LIBs are used as a
high-energy-storage unit. The SC is utilized for the high power demand of the powertrain, while the
LIB is used in low-power situations [20].

An energy management system (EMS) is required to fully utilize the energy of both storage units
effectively [21]. The EMS presented in [22,23] is based on the frequency decoupling method to protect
the battery from abrupt changes in the load. HESSs can be easily divided into three main topologies:
passive HESS (P-HESS), semiactive HESS (SA-HESS), and fully active HESS [24]. A P-HESS is the
direct coupling of two or more energy storage devices without a power converter [25]. This has several
benefits over a standalone LIB as a power source (e.g., higher peak power capability, higher efficiency,
and long battery lifecycle) [26]. Although it is simple to implement, there are some limitations. Power
sharing is uncontrollable because the two storage systems are not decoupled [27,28]. Napoli et al. [17]
used an ultracapacitor connected in parallel to a battery with no power converter between the two
sources. In a P-HESS, power sharing between the LIB and SC is determined by their respective
resistance, and the resulting terminal voltage follows the discharge curve of a battery [16]. The energy
storage device should be decoupled for efficient operations with respect to its characteristics [29].
In contrast, the degree of controllability is increased using a fully active HESS, but there are some
disadvantages, such as increased system losses, weight, and cost. In addition, efficiency also decreases
because of the additional converter [20]. Similarly, a modular multilevel fully active HESS also adds
complexity and cost. This will also affect the sensitivity of the system, with a failure of one DC-DC
converter causing system failure [30]. The SA-HESS is a tradeoff between cost and performance.
This system employs only one DC-DC converter and most control strategies can be implemented on
this topology [31].
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The cell voltage of an LIB is very low. Therefore, a string of batteries is generally used. An imbalanced
cell voltage because of the series connection of LIBs causes an increase in temperature, deep discharging,
overcharging, and reduced lifecycle and capacity of the battery [32]. Different engineering techniques
have been used to control and monitor battery parameters (e.g., state of charge (SOC), voltage, current,
and temperature) [33]. For voltage balancing, a special type of charging circuit is required [34,35].
Various fast-charging techniques are used to charge LIBs, such as constant current and constant voltage
(CC/CV), a multistage current charging algorithm, model-based charging, a pulse charging algorithm,
and a fuzzy logic controller (FLC) [36-38]. The CC/CV technique is simple and computationally
efficient [39]. This method has two modes. First, it reaches the defined voltage level while providing
a CC to the battery. In the second step, a CV is supplied, and the battery current begins to decrease
exponentially [40]. This procedure requires a high current if the battery needs to be charged in a short
time, but this increases the battery temperature dramatically, which reduces the lifecycle. In contrast, it
takes more time to charge a battery if the current is lower. Huang et al. introduced different intervals
to determine the optimal current using FLC [41].

This paper proposes a semiactive hybrid energy management system comprised of SA-HESS and
a smart energy management system (SEMS). The proposed methodology charges the HESS smartly
using an FLC. The temperature is used as a feedback, which is thermally and electrically favorable to
achieve a long lifetime for the ESS. The proposed SEMS discharges the SA-HESS smartly according to
the desired load current. Several experiments have been performed to compare the proposed technique
with P-HESS.

The rest of the paper is organized into five sections. Section 2 describes an overview and the
methodology of the proposed system. Section 3 presents the experimental installation. Section 4
reports the results from the experimental study. Section 5 is the discussion of the results, and Section 6
concludes the paper.

2. Methodology

2.1. Overview of the Proposed Methodology

This section provides an overview of the proposed SA-HESS for EWs. At high power/current
demand, the use of only an LIB is ineffective and the LIB discharges very rapidly because of the lower
power density. Therefore, in the proposed technique, an SC was used as a parallel controlled power
source in the SA-HESS. The required power was determined according to the SOC/voltage of the
SC and LIB. Figure 2 presents the proposed system for EWs. In the SA-HESS, the LIB was used as
a high energy unit, which was connected in parallel to the load via a bus link. The SC was used as
a high-power unit, which was connected to the DC bus via a bidirectional converter. The CC/CV
charging system was replaced with a temperature (T,,;) feedback FLC charging system. The controlled
current (I.ontrolled) Was supplied as the optimal charging current to the LIB. The SC and LIB provided
the desired current to the load, which was controlled using an Arduino microcontroller. A bidirectional
converter was used in boost mode, whereas discharging and buck mode were used in charging
mode [42]. The output voltage of SC (Vsc) varied according to its state of charge, while the battery
voltage (Vpat) remained almost constant. The boost converter was used to maintain the Vgc relative
to the reference (bus/battery) voltage. The converter generated the pulse width modulation (PWM)
signal according to the reference value [43]. The load current (I} ) was sensed using a current sensor and
applied as a feedback signal for the SC (Isc) and LIB (Iy,;) current. The Isc and Ly, smartly contributed
according to the requirement of I .
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Figure 2. Overview of the proposed methodology. Battery voltage (Vg,t), controlled current (I.ontrolled),
battery temperature (T},y), lithium-ion battery (LIB), electric wheelchair (EW), pulse width modulation
(PWM) and supercapacitor (SC).

2.2. Fast-Charging System for EW

FLC is well suited to anticipating a battery’s nonlinear behavior because it is robust, easily
adaptive, and does not require any mathematical model. The FLC is classified into four parts [44]:
Fuzzifier—in the fuzzifier, linguistic fuzzy sets are obtained from the truth value of the membership
function. Fuzzy rule base—the fuzzy rule base is designed from professional experience and controls
the system operation. Fuzzy interface engine—the fuzzy linguistic input is transformed into a fuzzy
linguistic output with respect to the controlled law stated in the fuzzy rule set. Defuzzifier—this maps
the fuzzy output from the inference engine to a crisp or real value by using membership functions.
The fast-charging methodology was designed using the same rule base as discussed in a previous
study [45]. However, in this work, the FLC-based, fast-charging methodology was designed for a
series and parallel cell combination of an LIB pack. The lowest single-cell voltage and the highest
voltage difference between the two cells of the string were the inputs of the FLC to find the optimal
value of the charging current. When the voltage difference between the two cells was high, then a high
current was inserted to charge the LIB pack in less time.

However, at the same time, it was essential to control the temperature in order to ensure that this
high current value did not affect the battery life. The threshold value and operation of the temperature
control unit are shown in Figure 3. The temperature threshold value was set to 39 °C. If the temperature
was below the threshold value, I.onioieq Was supplied to the battery. When it crossed the threshold
value, then the controller compared I, with the range defined in the flowchart. The value of the
charging current changed according to the value shown in the flowchart.

/ Sense LIB current (Ibat) Z

and Temperature (Teat) / A

Set
Lcontrotlea = 6.9

5 sec
Lcontrotlea = 6.4 Pause

Set
Lcontrotlea = 5.5

Figure 3. Flowchart for temperature control.
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2.3. Smart Energy Management System for the SA-HESS

The power requirement for EWs motion is totally different when traveling on a flat surface
than when moving on an inclined surface. A SEMS was designed to overcome the power demand.
Two tracks were taken into consideration to implement the SEMS on the SA-HESS. Figure 4a,b present
the normal plain track-AB and inclination track-ABCD, respectively. On track-AB, the motor of the
EW did not require much power and current; however, for track-ABCD, the motor required high
current/power.

v 4 Max
W : inclination
a — 1 20%
L - \j

A B A B C D

(a) (b)

Figure 4. The logic for the smart energy management system (SEMS): (a) normal plaint track-AB;
(b) uphill climbing steep track-ABCD.

The load on the EW’s motor can be calculated by using the following equations [46,47]:

F =ma— fy —mgsin © 1)
Fxv
P = @)
n
p
= Vipus (3)

where F and fy are the propulsion and friction force, respectively; m is the mass of the person and EW;
and v and [ are the values of the velocity and current of the EW, respectively. These equations correlated
the load/power of the EW motor with the electrical current, as the bus voltage of the SA-HESS almost
remains constant. So, the proposed algorithm mainly depended upon electrical current values. Figure 5
shows a flowchart of the proposed algorithm. This methodology was implemented in the Arduino
MEGA 2560 interface with MATLAB (R2017a, MathWorks, Natick, MA, USA). The microcontroller,
which works as a SEMS, decided the operation mode based on the sensing and analyzing HESS and
load parameters (currents, SOC, and voltage). When the EW motor started, most of the power/current
was supplied by the SC. Vgc and I}, were monitored and analyzed. If the SEMS sensed a small current
that was less than the first threshold value (Ity; = 2.5 A), it switched on the LIB circuitry to supply
the required current to the load. This condition occurred when the EW was traveling along track-AB.
When EW reached point B (see Figure 4b), the SEMS controller sensed a higher value of current
compared with Ity; and one lower than a second threshold current (It = 3.5 A). Soon after, SEMS
would check Vgc. If Vg was higher than the threshold (V1 =10 V) value, the SC supplied power to
the load; otherwise, the LIB and SC supplied power together to the EW motor. Similarly, when EW
was at point C (i.e., the current required to the load was more than the Ityp), the controller would
switch on both the LIB and SC to fulfill the desired power demands of the load.
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Figure 5. Algorithm for the SEMS.
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Figure 6 presents a simplified block of a hardware implementation for the SEMS algorithm. Solid
lines represent energy flow lines, and dotted lines show the control signal flow lines. The microcontroller
sent a control signal to the switch based on the condition provided by the algorithm and opened a
path for the storage system to supply the desired power to the load. Three switches that connected
HESS to the EW motor were used: switch SW; connected the SC and LIB to the motor, SW, was the
interface between the SC and load, and SW3 was between the LIB and load, as shown in Figure 6.

—(s¢c ) LB

~
23]
—
A
&
&
g
g
S
g
g
=

________ _— SW3 )

( EW’s Motor Driver )

—— > Power Signal

A\ 4

————="»  Control Signal EW’s Motor

Figure 6. Hardware implementation of the SEMS algorithm.

The voltage requirement and maximum power demand determined the number of series and
parallel connected branches of the devices in the storage system. The number of cells in series (Np; )
and parallel ( Npat_p) of the LIB was computed using Equations (4) and (5) [48]:

V;
Nbat_s - % (4)
a
Total Ah
Noat_p = ~corr a0 ®)
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Similarly, the number of series and parallel SCs was calculated as [48]

Vi
Nsc s = Vb;: (6)
_ L.Ngc 5 (At
Nsc p = AV (C + ESR (7)

where Nsc s and Nsc_p, are the number of supercapacitors connected in series and parallel, respectively,
and V¢ is the voltage of the supercapacitor. ESR represents the equivalent series resistance, where AV
and At are the voltage drop and discharging time of the supercapacitor depending upon the
output current.

3. Experimental Setup

Figure 7 presents the experimental setup of the proposed SA-HESS prototype for an EW. A Samsung
18650 LIB (Samsung, Yongin-si, South Korea) was used in the current experiment. An SC bank with a
capacitance of 350 F was used. A liquid crystal display (20 x 4 dimension) was used to indicate the
mode of the HESS. The SEMS algorithm implemented in Arduino Mega 2560 was connected to the
monitoring system. Different sensors were used to measure and monitor the parameters, such as the
HESS temperature, current, and voltage. ACS712-20A hall effect current sensors were used for current
sensing. An F30560S power diode (ON Semiconductor, Phoenix, AZ, USA) was used. A DC motor
was used as a load in this prototype.

Figure 7. Experimental setup of the prototype.

4. Results
4.1. Performance Evaluation of Smart Energy Management System

4.1.1. Charging System Using SEMS

Figure 8 shows the voltages and temperature profiles of an LIB pack, where V1, V2, V3, V4, and
Vt are the first, second, third, fourth, and overall voltages of the LIB pack, respectively. T1, T2, T3, T4,
T5, T6, and T7 denote the value of different temperature sensors. The voltage and temperature were
monitored to obtain the optimal value of the charging current for an LIB. At 3498 s, the temperature (T2)
increased from the threshold value. To compensate for this effect, the current was reduced, as described
in Section 2.2 and shown in the magnified graph.
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Figure 8. Voltage and temperature profile of the Li-ion battery (LIB).

4.1.2. Discharging System Using SEMS

8 of 15

Two tracks were used to validate the SEMS methodology for SA-HESS, as shown in Figure 9.
The EW needed a high current value to start, which was provided by the SC at the time (t) =9 s.
Att=11s, the EW started moving on a flat surface. On a normal surface, the EW motor required
less current, which was supplied by the LIB at t = 11-50 s. Att =51 s, the EW started to climb uphill.
The EW drew more current, which was provided by the SC. Here, the stress on the LIB was reduced
using the SC instead of the LIB. At t = 100 s, the EW reached the middle of the inclined surface and
required more power to reach the top surface. In this case, both the LIB and SC supplied power to
the load. These timeframes are discussed in detail below in the test cases considering the proposed
algorithm, as described in Section 2.3.

Current (A) Current (A)

Current (A)

Current of EW motor

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 15C
Current of supercapacitor

0 10 20 30 40 50 60 70 B0 90 100 110 120 130 140 150
Current of Li-ion battery

0 10 20 30 40 50 60 70 R0 90 100 10 120 130 140 150
Time (s)

Voltage (V)

Voltage (V)

15 e -

Voltage of DC-DC converter

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Voltage of supercapacitor

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (s)

Figure 9. Experimental results of the SEMS on the electric wheelchair (EW) motor.

Case—EW Start (t = 0-11 s)

At the start, the EW motor required a high current for a small amount of time. The current profile
in Figure 10 shows a spike at t = 10 s, indicating that the EW motor drew 6 A. The SC supplied this
high pulse current. The voltage of the SC showed small variations (0.6 V), but the DC-DC converter
maintained a constant voltage for smooth power transfer.
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Current of EW motor Voltage of DC-DC converter

Current (A)
[EREN
Yoltage (V)
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Figure 10. The experimental results at the start of the EW movement.
Case—Plain Track (t = 11-50 s)

From t = 11 to 50 s, the EW traveled on track-AB (from Figure 4a). The EW motor drew a 1.9-A
current. SEMS enabled the LIB to supply this small amount of power to the load. The current profile in
Figure 11 reveals the SC to have had an almost zero current, while the current of the LIB was 1.3 A.
This confirms that only the LIB supplied a small amount of power to the load.

Current of EW motor Voltage of DC-DC converter

n

Current (A)
[

Voltage (V)

15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 30

) p Current of super capacitor ~ Voltage of supercapacitor
L6 T T T T T T T = T T T T T T T
ol 15
g4 g
£2 K}
'5 0 ; ; : ‘ = o E| E 10 | | | | . . .
~ 15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50
2 Current of Li-ion battery Time (s)
. 6 T T T T T T T
g 4
g2
-
) . . . . . . 3
U
15 20 25 30 35 40 45 50

Time (s)
Figure 11. Experimental results for track-AB.
Case—Climbing Uphill (t = 51-150 s)

As shown in Figure 12, from t = 51 to 100 s, the EW traveled from points B to C (as described
in Figure 4b). On this track, a 3-A current was drawn by the load. The proposed system enabled
SC to supply a high power/current to the load. The SC current increased to 3 A to fulfill the power
requirement of the load shown in the current of a supercapacitor in Figure 12. The voltage of the SC
started decreasing, but the DC-DC converter maintained a constant voltage to fully utilize the SC.
The current profile of the LIB confirmed that the LIB supplied an almost zero current, even at a high
load current.

Current of EW motor Voltage of DC-DC converter

L BT L L L L L L L L L
50 55 60 65 70 75 80 85 a0 95 100 50 55 60 63 0 75 80 85 90 95 100

Current of supereapacitor Voltage of supercapacitor

Current (A)
o L
Voltage (V)

Current (A)
Voltage (V)

055 @ & W TS 8 & w0 95 00 7 30 55 6 65 W 75 8 8 9% 95 100
P Current of Li-ion battery Time (s)
Tt
£,
:[”-A-—\-._‘ A
M5 55 6 65 075 80 8 9 95 100
Time (s)

Figure 12. Experimental results for track-ABCD (points B-C).
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Figure 13 shows the current and voltage profile of the EW traveling from points C to D from t = 100
to 150 s. At the peak load, the proposed system supplied power from both sources. The experimental
results showed that at point C, the LIB supplied approximately 1-1.7 A and the SC supplied 4 A,
as shown in the current profile of the LIB and SC in Figure 13. The terminal voltage of the SC decreased
from 12.9 to 11.9 V, but the DC-DC converter provided a constant voltage to the load. Regardless of
acceleration, the proposed system supplied a constant LIB voltage to the load and less current, which
improved the LIB lifecycle. This should also increase the traveling range of the EW.

Current of EW motor Voltage of DC-DC converter

= 6 T T T T T o T
< ° T
= 4 W <
2 St
£ of E
3 ot ! ! 1 . . L L ; | 2 : . . . . . . . I
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Current of Li-ion battery
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Current (A)
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Figure 13. Experimental results for track-ABCD (points C-D).
4.2. Performance Evaluation of P-HESS

The same tests were performed on a P-HESS for track-ABCD. Figure 14 shows the experimental
results of the P-HESS. At t = 11 s, the EW motor started, and an approximately 3.5-A current was
supplied by the LIB and 3.1 A was supplied by the SC, as shown in the current profiles of the LIB and
SC, respectively, in Figure 14. From t = 12 to 50 s, the passive system traveled on a flat surface. The EW
motor drew an average of 1.9 A, which was supplied by the LIB, whereas the SC current was almost
zero. From t = 51 to 101 s, when it started traveling on an inclined surface, it drew 4.5 A. The LIB and
SC supplied 3- and 1.5-A currents, respectively. Similarly, at t = 101-150 s, the passive system traveling
on an inclined surface required more current, which was again supplied by the LIB. The current profile
of the EW motor increased from 5 to 6 A. The LIB current also increased from 4 to 5 A. The SC supplied
1 A, as shown in the graph of the current of a supercapacitor (Figure 14).

Current of EW motor Current of Li-ion battery

-~ T T L T T T T T — T T 7 & T — T — T T T T — T

- ]

= 6f T of j

ol I N

= 2} 4 E2F 9
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Time(s) Time(s)

Figure 14. Experimental results of the passive hybrid energy storage system (P-HESS).
5. Discussion

To validate the proposed technique, several experiments were performed to compare the result
of SA-HESS and P-HESS under different conditions. The average current values of different track
experiments are presented in Figure 15. It can be noted that by adopting the proposed technique,
the stress of the LIB was reduced. In high-power-demanding conditions, the proposed technique
effectively used the SC as compared with P-HESS to enhance the lifecycle of the LIB. Some of the
results of real-time testing under different tracks are shown in Figure Al of Appendix A.
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Figure 15. Comparison of the proposed semiactive (SA)-HESS and P-HESS.

The validation of the proposed system was also done under different load conditions. Figure 16
shows some of the experimental results of the proposed system and the P-HESS under different
loading conditions. The superiority of the proposed algorithm under different loading conditions can
be seen in Figure 16. The efficiency of the SA-HESS was 97.6% in the EW application. The proposed
methodology does not have any significant effect on the cost of the system.
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Figure 16. Comparison of the proposed SA-HESS and P-HESS during different loads: (a) 35-W load;
(b) 25-W load.

Renewable energy resources can be used to charge the HESS. The installation of a regenerative
braking system in EWs is a good option to charge the SC during the downslope. The discharging
efficiency of the HESS can be enhanced by using a smart controller such as an FLC.

6. Conclusions

This paper introduced a new hybrid energy management system for EWs. The SA-HESS was
implemented using a smart energy management system algorithm. The proposed system ensured
effective use of the SC and decreased the stress of the LIB to extend the battery life under demanding
conditions. Five different tracks and two different loads were used to ensure the practicability
of the proposed hybrid energy management system and to compare it with the passive system.
The experimental results confirmed that the proposed system provided a more effective charging and
discharging management system at high power demand compared with the conventional P-HESS.
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Appendix A

Figure A1 shows the current profiles of the proposed system and P-HESS while traveling in
different surface conditions.
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Figure Al. Comparison of the proposed SEMS and P-HESS during different modes: (a) start-high
climbing—low climbing—plain; (b) start-low climbing—plain-high climbing; (c) start-low climbing-high
climbing—plain; (d) start-plain-high climbing—low climbing.
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