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ABSTRACT. Thuis paper presents the design, development and evaluation of an energy
manugement system (EMS) for covering the energy demand from an cutonomous low-
er limb exoskeleton (ALLEX) prototype. The ALLEX prototype is composed by four
energy subsystems: actuators, sensing, communications, and control. The energy de-
manded by ALLEX is estimated by considering metabolic requirements of meurological
rehabilitation applied to the actuators subsystem, as well as average consumption of the
sensing, communications, and control subsystems. The FEMS proposed in this paper is
composed by a lithium-ion battery bank, a battery management system (BMS), and prop-
er instrumentation for measuring voltages, currents, and temperature from the battery
pack. Experimental results show adequate coverage of the enerqy demand from ALLEX,
both instantly and during continuous operation (1 hour approrimately). Additionally,
the efficiency of the EMS is assessed by testing the cells balancing and battery charg-
ing/discharging processes, which showed equalized values of the enerqgy cells as well as
correct temperature operating values.

Keywords: Batteries, Battery management system, Cells balancing, Lower limb robotic
exoskeleton, Energy management system

1. Introduction. Nowadays. the impact of technology on people’s quality of life is most
evident in applications related to the field of health. For instance, robotic exoskeletons
are devices designed to assist users’ mobility in various application areas, including:

e Neurological rehabilitation, involving assistance in the mobility of the joints and/or

limbs of patients with limited functionality;

e Military and industrial applications through assistance in repetitive handling move-

ments of large and heavy objects.

The interaction between these devices and users is carried out through bio-metric signal
processing systems, which regulate actuator’s speed and position of each joint in order to
meet specific tasks [1, 2]. These interaction systems provide autonomy in the operation of
the device when a patient uses the robotic exoskeleton [3]. Several studies about robotic
exoskeletons demonstrate their advantages [4, 5, 6], among which, are their high accuracy
of movements, adaptability to the user needs, and portability.
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The mobility aids provided by these devices operate in two ways: i) passively, using the
patient’s potential and kinetic energy, and ii) actively, through energy storage systems.
The use of electrochemical storage systems is common, due to its safety characteristics
and energy density. However, there are few studies related to the energy management of
robotic exoskeletons, which is a vital aspect due to the portable nature of this equipment
7). In this context, for instance, extending the autonomy of operation by using large
batteries implies an increase of weight of the equipment, as well as the necessity of larger
space for installing the battery cells [8]. One of the main challenges when designing energy
storage systems (ESS) is related with the harmonization of operating parameters, such as
state of charge, temperature, charge and discharge currents. and cells balancing, which
typically are managed by an EMS [9]. The correct selection, configuration and program-
ming of an EMS related to lower limb robotic exoskeletons has been hardly reported in
formal literature and is deeply discussed throughout this paper by showing integration
methodologies and experimental results.

Electrochemical batteries are the most widely used electrical energy storage devices in
mobile and portable equipment. The main application niche of this technology corre-
sponds to mobile telephony and electric vehicles [10]. However, this storage technology
presents disadvantages during its operation due to the continuous use and the repeat-
ed charge/discharge cycles, affecting its duration and energy storage capacity [11]. To
reduce the degradation and performance process of batteries during periods of charge
and discharge, it is necessary to have systems that regulate the operating conditions by
continuously monitoring voltage, current and temperature [12].

This paper presents the design, implementation and experimental evaluation of an
energy management system applied to an autonomous lower limb exoskeleton (ALLEX),
consisting of six degrees of freedom (one actuator per joint). The energy management
system integrates a bank of lithium-ion batteries with a BMS. which allows the monitoring
of variables of interest in continuous charging and discharging operation cycles, in addition
to managing the load balancing of the battery bank. Experimental tests applied to the
prototype show efficiency during operation, highlighting the charge balancing process,
real-time monitoring of voltages, currents, and temperatures, as well as the coverage of
the energy demand of the robotic exoskeleton.

This paper is organized as follows: Section 2 presents design details of the energy
management system applied to the lower limb robotic exoskeleton. Section 3 presents
details of the implementation of the power system. Section 4 presents experimental results
of the energy system operating under conditions of cell charge, discharge and balancing.
Section 5 presents the conclusions of the work.

2. Energy Management System Applied to Lower Limb Robotic Exoskeleton.

2.1. Estimation of energy consumption during biped walking. Any movement
that the human body executes demands metabolic energy. The use of exoskeletons re-
quires quantifying this energy to assist and/or replace limb movements. References [13, 14]
report the body’s energy consumption in an approximate way, for various conditions. For
instance, a person while resting, has active basal metabolism, or basal energy expenditure,
which approximates 44 W/m? for men and 41 W/m? for women®.

A biped walk of a person transporting a 10 kg load represents an average energy con-
sumption of 185 W/m?, including the basal energy expenditure. Therefore, the metabolic

!These values correspond approximately to the basal metabolism of a man of 1.70 m, 70 kg and 35
vears of age, and of a woman of 1.60 m, 60 kg and 35 years of age.
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energy dedicated exclusively to physical effort is 218.9 kcal/h and 254 W of instantaneous
power.

The energy estimation for the ALLEX prototype starts by considering the work devel-
oped by authors of [15], who use a set of mechanical actuators from the Maxon motors
brand to build a lower limb robotic exoskeleton composed by three actuators, as follows:

e Hip actuator. EC90 flat motor (90 W of nominal power).
e Knee actuator. EC45 flat motor (70 W of nominal power).
e Ankle actuator. EC45 flat motor (70 W of nominal power).

This design is similar to the prototype used in this study, so it is used as reference
for calculating power requirements for the actuators. In this sense, the set of 3 electrical
motors used for each leg (6 actuators in total) provides a nominal power for movement
assistance of 460 W: additionally. considering an energy efficiency of the motors under
study, close to 85%, the available mechanical power is 391 W. According to [4] the torque
exerted by the joints during the dynamic regime is not constant at nominal power val-
ues; for example, the knee joint remains constant during the majority of the walk cycle.
Therefore, the energy expenditure during the walk involves approximately 70% of the
nominal power of mechanical systems. This implies a demand for mechanical power on
axis, close to 273 W, which corresponds to a power slightly higher than that calculated
by the metabolic analysis, which will allow a full energy coverage of the energy system
during continuous use of the prototype.

2.2. Design of the energy system for the lower limb robotic exoskeleton. The
energy consumption of the robotic exoskeleton involves the energy needs described in
the previous Section 2.1, in addition to the energy requirements from the sensor. com-
munications and control subsystems. Figure 1 shows a conceptual diagram of the main
components of the proposed energy system. The energy management system involves a
set of power converters that supply energy to the exoskeleton subsystems, as described
in Table 1. The energy expenditure of the main subsystems in Figure 1 is detailed in
Table 1. The first column shows the maximum consumption of the components, while
the second column shows the average consumption, representing 70% of the maximum
consumption.
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TABLE 1. Electrical energy from exoskeleton subsystems

Devices Maximum power Average power
Actuators 460 W 322 W
DC-DC converter (Raspberry) 125 W 8.75 W
DC-DC converter (Drivers) TW 19 W
DC-DC converter (Sensors) 9 W 6.3 W
DC-DC converter (Auxiliary) 5 W 5 W~
pC LTC6802-2 1.5 W 1.5 W~

*This equipment shows equal energy consumption since they are auxiliary devices
installed in the system, such as a tactile screen, and microcontrollers, which are
independent of the walking cycle.

The functionalities of the exoskeleton energy subsystems are described below.

e Actuators subsystem. This subsystem manages the energy of the actuators and
regulates the position of the exoskeleton through distributed controllers which consist
of brushless DC motor drivers and position sensors.

e Sensors subsystem. This subsystem supplies power to all signal conditioning cir-
cuits, which involves position sensors, EMG signals, and variables related to power
management, which include hall effect current and voltage sensors.

e Communications subsystem. Manage the energy demand from the communication
modules within the prototype, visual indicators of the state of operation and graph-
ical human-machine interfaces (HMI).

e Control subsystem. Regulate the routines of coordination of the movement of the
exoskeleton. This subsystem is mainly composed of a Raspberry Pi 3B+. Addi-
tionally, the energy of this subsystem is used to energize the EMS, consisting of
a microcontroller and the circuit dedicated to the equalization and processing of
variables associated with the battery bank.

The energy storage system is composed by a set of series-connected cells. The cells
are lithinm-ion with an iron phosphate cathode (LiFePO4) which have specific power
and energy of 5200 W/kg and 126 Wh/kg, respectively, and a life cycle greater than
the 1000 cycles. The set of cells used corresponds to 20 Ah Prismatic Pouch Cell,
UltraPhosphate™ Lithium-Ion model. Due to the series configuration, they tend to suf-
fer imbalances throughout different charging cycles. These imbalances result in reduced
battery bank overall performance and lifetime. To counteract against these imbalances,
there are techniques designed to prevent this degradation, e.g., BMS circuits that are
mainly responsible for mediating and balancing the state of charge and voltage of each
cell, cycle charging/discharging of the cells, generally made up of a series of devices in
charge of monitoring the cells, voltages, temperatures, etc., for their analysis and control
11].

The operation of the BMS depends on reliable measurements of the cells parameters,
so devices that produce or enter the least possible error are required in order to calculate
the state of charge (SoC) of the battery [16]. Many research works focus on the study of
the batteries SoC since it is an important factor affecting the battery management system
performance [17]. One of the circuits dedicated to this measurement, and the one used
in this study, is the LTC6802-2, which is an integrated circuit (IC) designed to operate
as a BMS, capable of measuring up to 12 cells with a total voltage of 60 V and with a
maximum of 0.25% error in measurement; it also has input ports for thermistors to allow
temperature measurement from the cells.
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As stated before, the battery management is developed by the IC LTC6802-2, which
executes important tasks to guarantee the correct operation of the energy system. Figure
2 shows main functionalities of the BMS. A short description of every functional block is
as follows.

e The measurement module is responsible for the acquisition of variables such as volt-
age, current and temperature from the battery cells. The sampling time configured
for this prototype is 0.5 s.

e The SoC estimation module uses the nominal capacity, estimated from the voltage
and current of the battery bank, to calculate the state of charge of the battery pack.

e The SoH estimation module is not configured for this prototype. Nevertheless. this
module is able to estimate the state of health of the batteries by using parameters
related to the performance and time of use of the battery bank; typically, SoH estima-
tion techniques are based on measurements of resistance and internal conductance,
capacity, or the count of the number of charge and discharge cycles [18].

e The capacity estimation module estimates the capacity under current usage condi-
tions. This estimation is used by the SoH estimation module.

e The thermal management module takes actions depending on the temperature of
the cells to restrict the charge or discharge current in the battery bank and/or to
regulate cooling systems. In this study, thermal management is limited only to the
sensing of the battery bank and the management of over-temperature indicators.

e The cell balancing or equalization of the battery bank deals with the degradation
present in the battery cells, which could represent uneven behavior, and progressively
reduce the battery bank life. The equalization consists of balancing the cell voltages,

Battery bank
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this action that can be carried out mainly by two techniques: i) passive balancing
consisting of discharging all cells except one, until the cell voltage with the lowest
voltage is reached, and ii) active balancing, which transmits energy from the cell
with the highest voltage to the one with the lowest value. preventing waste.

e The communication module is in charge of communicating the BMS with the external
control units using CAN, SPI. I2C and RS232 protocols.

3. Implementation of the Energy Management System. The energy capacity of
the energy system proposed in this study is calculated from the previous estimation of the
average energy consumption, Ph., = 348.45 W2, and an autonomy of 1 hour of continuous
use. From this autonomy, at least a capacity of 348.45 Wh is required. Considering a
minimum charge state of 15%, a storage capacity greater than 409.94 Wh is necessary,
with a nominal voltage of 24 V @ 17.08 Ah. For this amount of energy, 8 series-connected
cells have been used, each one of the 20 Ah Prismatic Pouch Cell. with a nominal voltage
of 3.3 V. As previously mentioned, the LTC6802-2 IC equalizes the battery cells by using
a passive balancing. The balancing or equalization of the cells is carried out when there
1s a difference greater than 0.1 V with respect to the cell with the lowest voltage, and is
maintained until the cell voltage is reduced to a difference of 0.01 V.

Charge and supply currents are measured using ACS712 current sensors; in addition,
there are 2 NTC temperature sensors, managed by the LTC6802-2, which has 12-bit
A/D converters, whose input signals are fed through signal conditioning circuits. The
EMS is controlled by an Arduino nano microcontroller, which communicates with the 1C
LTC6802-2 via SPI protocol.

Figure 3 shows a flow diagram of the system operation routine. At first, the Arduino mi-
crocontroller initializes the LTC6802-2 registers, which are then set with current, voltage
and temperature measurements. The current measurement is performed by the ACS712
sensor. According to the voltage of every cell from the battery bank (V; i =1,2,....,8),
the microcontroller performs the following tasks:

e Determine the cell with the lowest voltage (Vipw )
e Calculate the voltage difference of every cell with respect to V. L.e.. AV, = V.=V,

e JAV; > 0.01 V — The cell equalization operation is initiated and remains operative
until AV; < 0.01 V.

At the end, the LTC6802-2 registers are updated with current measurements, and the
whole process starts over.

Figure 4 shows the prototype of the portable power system to be installed in the robotic

exoskeleton. The labels allow to identify the subsystems presented in the system design.

4. Experimental Results. The BMS allows managing the charge/discharge cycles of
the cells of the battery bank. Experimental analysis of the prototype operation involves
verification of load balancing and tests related to the storage capacity of the battery bank,
including thermal behavior.

4.1. Cell balancing on the battery bank. To verify the theoretical design and identify
problems, that potentially arise in the operation of the system. the cells of the bank,
composed by 8 lithium-ion batteries, are precharged at different voltages to verify the
behavior of the load balancing system.

2This quantity is obtained by summing up the values shown in Table 1.
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Experimental tests of this stage involve the following two studies:
e Case 1. The voltage difference with respect to the lower cell voltage is AV, .« casel =
0.035 V;
e Case 2. The voltage difference with respect to the lower cell voltage is AV, .y caces =
0.452 V.
The total error in the cell voltage measurement was less than 1.5 mV. This deviation
1s acceptable for purposes of error detection and monitoring of battery charge. Table 2
shows the cell voltage in the initial and final state of the two study cases.

TABLE 2. Initial and final voltages in case of study

Cell 1 2 3 4 5 6 7 8
Case 1 Vj,; 3.568 3.574 3.576 3.579 3.583 3.572 3.559 3.548
(8.2h) V., 3.558 3.558 3.558 3.558 3.558 3.558 3.558 3.558
Case 2 Vi, 3,132 3471 3482 3.385 3.572 3.125 3.340 3.462
(37.5h) Vg 3.132 3.132 3.132 3.132 3.132 3.132 3.132 3.132

Figure 5 shows the transient response of the charge balancing in the cells of the bat-
tery bank for the two study cases. Figure 5(a) shows a maximum differential voltage of
AVinax_caset = 0.035 V, and for case 2, Figure 5(b) shows a maximum differential voltage of
AV s cases = 0.452 V| corresponding to the preloaded values for these tests. The equal-
1zation duration for these experiments were 8.2 h and 37.5 h for the first and second cases,
respectively. It is important to note that the voltage in the cells under the equalization
process is reduced simultaneously, until the threshold AV = 0.01 V is reached.

The equalization process runs by default as long as the battery bank reaches the mini-
mum operating voltage, and can be run during the battery charging process and /or during
use of the power system. The initial behavior of Figure 5(b), corresponds to an atypical
case, given that the imbalance present in the bank cells is high (13.5% of the nominal
voltage) and in turn the equalization time is equally long. The EMS detects imbalances
higher than 0.01 V and starts the equalization process avoiding long balancing times.

4.2. Battery bank cell charging. The energy system prototype proposed in this study
uses the PB-360P-24 battery charger for the charging process. In order to evaluate the
behavior during this process. the cells were loaded from the voltages shown in Table 3.

The performance of the partial charge process using the PB-360-24 charger, and with
the operation of the EMS is shown in Figure 6. The initial voltages correspond to those
in Table 3. During the charging process. the following stages are identified:

e Charging starts in constant current mode;

e Continuous charging in constant voltage mode; and,

e End of charge and start of floating mode.

During the first, constant current, stage. the supply is 12.5 A for approximately 8 min;
then the charging process is performed with constant voltage during 55 minutes until the
charge is complete.

At the end of the partial charge process, it is observed that the equalization system re-
duces the difference in voltages present in the charging process, allowing the homogeneous
behavior of the cells of the battery bank.

For the study of the battery bank storage capacity and the energy performance of the
storage system, Figures 7(a) and 7(b) show the behavior of the variables of interest during
the charging and discharging of the battery bank. In a full charge process at a charge rate
less than 0.2C, a battery bank voltage of 31.32 V and a marginal current of 500 mA are



ENERGY MANAGEMENT SYSTEM FOR A LOWER LIMB ROBOTIC EXOSKELETON 405

3.595 T T T T T T T T T

3.59 A

3.585 T

Cell Voltage (V)

354 F—%—Cell 1 —«—Cell 4 —&—Cell 7 = = +AMax 0.035V -
- Cell 2 —&— Cell 5 —s— Cell 8
3.535 Cell3 o Cell 6 Interval 0.01V
3.53 1 1 1 1 1 I 1 1 1
0 0.83 1.66 2.49 3.32 4.15 4.98 5.81 0.64 7.47 8.3
Time (hours)

(a) Voltage of the equalization process (case 1)

3.6 T T T T T T T T T T
(Fy, s - - - - . o o o mm mm mm mm mm mm e e e e =
3.55 F “Bage. i
=oa
-ee’-‘
354 S S S .
A\, ;"ii-i?.-=_____, = "==e=e=ee-
3.45 “""""‘f‘v"‘vv : “86egq 1
34rF B
—
2 335 -
©
2 O33Ry X :
= &
= 325 F & b
0
= 32F O g
@ N
3A5F ‘u\ A0 e B OO OO OO OO, .‘.:'.c.-v »
3.1 ! i
305F#%—Cell 1 ——Cell4d —&—Cell 7 = = s AMax 0.452V
——+—Cell 2 —5—Cell 5 ——Cell 8
3 Cell3 & Cell6 Interval 0.01V I
295 | 1 l 1 1 1 1 1 | 1
0 3.7 7.4 11.1 14.8 18.5 22.2 259 29.6 333 37

Time (hours)

(b) Voltage of the equalization process (case 2)

Ficure 5. Equalization process



406 M. MENDIETA, C. MUNOZ, L. G. GONZALEZ ET AL.

TABLE 3. Initial cell voltage in charging process

Cell 1 2 3 4 5t § 7 8
Voltage 3.218 3.207 3.232 3.219 3.224 3.219 3.227 3.276
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Ficure 6. Behavior in partial charge process

initially reached at 7.95 h. In this charging process the bank absorbs an electric charge
of 20.70 Ah, and an energy of 612 Wh.

The battery bank discharge process is performed at approximately a rate of 1C. using
a resistive load of 1.7 €. Figure 7(a), shows the voltage of the battery bank during
discharge, with an approximate duration of 70 min. initial current of 19 A and final
current of 15 A. The initial voltage of the battery bank is 31.13 V and the final discharge
1s 23.65 V supplying an electric charge of 20.34 Ah and an energy of 557.26 Wh in 1.15 h.
The performance obtained from the energy storage cycle shows a performance of 91.05%,.
which is consistent with the storage technology used.

Finally, the thermal behavior during the discharge at a rate of 1C, is synthesized in
Figure 8. The thermal behavior of the sensors located at the middle and at the border of
the cells of the battery bank shows an increase of 5°C in temperature at the end of the
discharge process, this variation is within the range allowed by the manufacturer (—30°C
@ 55°C), and consequently, the BMS guarantees that there is no risk of overheating under
normal operating conditions.

5. Conclusions. The energy system proposed in this research supplies energy in a por-
table way to a prototype of a lower limb robotic exoskeleton. The main component
of the system is the integrated circuit LTC6802-2 IC, which manages a set of power



ENERGY MANAGEMENT SYSTEM FOR A LOWER LIMB ROBOTIC EXOSKELETON

33

32

] - — = . Discharge Voltage ——-~-- Discharge Current e

Charge Voltage  ——— Charge Current

23 | 1 1 1 1 | I I | | I 1 1
0 06 12 18 24 3 36 42 48 54 6 66 72 78
Time (hours)
(a) Voltage and current behavior in full charge and discharge
0.65 T T T T T T T T T T T T
0.585 - =
| ] = = = === = === = == = = = —-_—— = =
0.52 ; T
1 P
0.455 ! T .
{ -
E 1 ’_/‘,
B 039 I e a
\% l’ /'/’
o 0.325 - f ./.,- 4
z ' -
) I d
g 026 ) K. i
m 1 /‘/'
0.195 f ’ :
0.13 a
0.065 H —— Charge Energy === Charge Capacity |
, Discharge Energy - - - - Discharge Capacity
0 | 1 1 1 1 | 1 1 | 1 1 L 1
0 06 12 18 24 3 36 42 48 54 6 66 72 718

Time(hours)

(b) Energy and storage capacity (Ah)

Ficure 7. Battery bank charging experimental results

20

18

16

14

12

—
o

Current (A)

25

22.5

120

17.5

15

12.5

10

7.5

25

Capacity (Ah)

407



408 M. MENDIETA, C. MUNOZ, L. G. GONZALEZ ET AL.

27 T T T T T T T T T T T
Middle Sensor — — — - Upper Sensor

26 A

Temperature (°C)

1 9 1 1 | 1 1 | 1 1 1 | |

0 01 02 03 04 05 06 07 08 09 1 1.1 1.2
Time (hours)

F1Gure 8. Thermal behavior of battery bank under 1C discharge

converters that allow the adaptation of the energy for the exoskeleton subsystems. The
EMS proposed in this research has a capacity of 557 Wh, which permits autonomy of
operation of the exoskeleton for at least one hour (1 h) under normal operating conditions.

Experimental results demonstrated effectiveness in the monitoring of critical variables
of the battery pack (i.e., voltage, current, and temperature), as well as the voltage equali-
zation procedure to get a minimum voltage difference of 0.01 V within the battery cells.

A power system represents more than just installing a battery pack in a device; as it
was shown in the study presented in this paper, there are several functionalities that an
energy system must include to guarantee portability. Future works to be developed by
the authors include upgrading this design for applications related with unmanned ground

vehicles (UGVs).
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