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This paper considers Lithium Batteries powering an Urban Search and Rescue Robot. The
batteries power multiple brushed permanent magnet direct current motors. It is recognised that
Urban Search and Rescue Robots are required to operate at a large range of ambient temper-
atures. The potential implication of the effect on the robot’'s battery life is an issue that has
been assessed to require further research. It was found that temperature does affect Lithium
battery life and the behaviour of direct current motors significantly, hence the need for temper-
ature compensation was determined. Since temperature management is expensive and cum-
bersome, the idea of a software-based model to extend battery life under extreme temperature
conditions has been developed. This is novel in the field of mobile robotics. The combination
of dynamic battery and direct current motor models presented here contributes to a field of
research that has been of increasing interest in recent years. Accurate, online battery state-of-
charge determination is of universal interest in any mobile electronics application, an exem-
plary embodiment of this is the advent of both smartphones and electric vehicles in recent
years, where similar models obtained through simulation and iterative model improvements

from experimental tests are employed for SOC estimations.
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Abstract:

This paper considers Urban Search and Rescue robots operating under extreme temperature
conditions. A dynamic Lithium battery model supplying power to a brushed direct current motor
at varying ambient temperatures assuming an initial state-of-charge of one is developed. Both
the battery and the motor are described in terms of their equivalent circuits and then simulated
at different load and temperature conditions. Variation of internal battery resistance with battery
state-of-charge and ambient temperature is shown. Temperature effects on direct current mo-
tor winding resistance and inductance are estimated as linear functions. Battery state of charge
was shown to vary by about 15.7 percent per 20°C deviation from a 20°C ambient temperature.
Furthermore, it was shown that increasing the robot motor torque requirement by 50mNm re-
sults in a 14.7 percent increase in battery depletion rate. A practical test of the described model
has been carried out and potential causes of arising discrepancies have been identified. It has
been shown that a reduction in current draw extends battery life and may increase the reliability
of search and rescue missions. The general discharge behaviour of Lithium batteries consist-
ing of fast initial cell voltage drop and a following cell voltage plateau region was verified, and
it is expected that extensive iterative system testing and results evaluation with consequent
model adjustments may allow the development of a highly accurate algorithm for battery state-
of-charge estimation in Urban Search and Rescue Robots. It reliability should be unaffected

by ambient temperature.
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1. Introduction:
Urban Search and Rescue (USAR) Ro-

bots are required to operate in extreme con-

ditions, for example in reconnaissance mis-
sions after structure fires or natural disasters.
The design of USAR robot on-board power
supplies requires special focus on wide ambi-
ent temperature variations. Lithium batteries
are energy dense, with densities up to
620Wh kg, thus are employed widely in mo-
bile applications, however their cycle life and
State-of-Charge (SOC) is highly temperature
dependent [1]. In a closed circuit, the Lithium
at one electrode combines with the metal-ox-
ide of the other electrode across an electro-
lyte interface [1]. This gives rise to a current
by allowing Lithium ions to pass when the bat-
tery is in closed-circuit conditions [2].
ali + M,0, < LizM,0,

The battery has an internal resistance
that is temperature dependent [1]. Battery-
powered USAR robots often employ brushed
permanent magnet direct current motors
(BPMDC). To operate at a specific torque,
these require a current that varies with tem-
perature [3]. The aim of this paper is to model
the effect of wide ambient temperature varia-
tions on the SOC of Lithium Polymer batteries
powering the electronic system of a USAR ro-
bot employing BPMDC motors under varying
load torques. Existing battery models are con-
sidered and combined with dynamic model-
ling techniques for DC motors.

The results are then used to develop
an algorithm for robot power management in
different ambient temperatures to allow on-
board and for

battery  monitoring

computationally inexpensive SOC estima-
tions, increased robot mission reliability, in
addition to potentially extended battery life.
2. Theoretical Model:

2.1. Battery Model:
A common model for SOC is given by

the charge counting equation, Equation 1 [4].

i
SOC = S0C, — f (é’L“Zy) it (1)
usabote

This equation uses an initial SOC value,
S0C,, between 0 and 1, calculated through
Equation 2 [5] and the battery current, iyqstery
and the usable battery charge, Qusabie-

SOCy = 1 — 0.000442(AT + 0.714932)% (2)
AT = Teeu — Tamp

An amount dependent on ambient tem-
perature according to AT is subtracted from
the initial SOC to account for variations in bat-
tery capacity caused by ambient temperature,
T.mp, Variations. Equation 2 gives maximum
state of charge when battery cell temperature,
T.c1, €quals ambient temperature. The initial
SOC decreases with decreasing temperature.
The instantaneous SOC is calculated by sub-
tracting the proportion of total battery charge
removed by the battery current after a set time
interval [5]. A popular approach to model bat-
teries is through equivalent circuit models and
here an adaptive circuit as seen in relevant

literature, shown in Fig. 1 [5] will be used.

Fig. 1 Battery Equivalent Circuit [5]



Rseir models the battery’'s self-dis-
charge rate, which results from the electrolyte
passing ions when the battery is stored [5].
This model presumes these losses to be neg-
ligible, since it focusses on the battery in
closed-circuits. AE and AV, are small losses
caused by battery chemistry relating to the
battery’s activation energy across the electro-
lyte interface [5]. Here these parameters are
assumed negligible.

There is atime delay between a change
in system current requirement and the corre-
sponding change supplied battery current.
This is accounted for by the RC networks in
Fig. 1 and is dependent on SOC as given for
Lithium by Equations 3, 4, 5 and 6, which are
temperature independent [6].

Rrg = 0.3208e72914(50C) 1 004669  (3)
Crs = —752.9¢7 1351500 + 7036 (4)
Ry, = 6.603e71552(500) 4 004984  (5)

Cr, = —6056e72712(S0C) 1 4475  (6)

Variable R, represents the aging loss
in capacity with n charging cycle, given by
Equation 7 [4].

Reye = 0.0015vn (7)

A battery capacity correction factor F_.
is employed to account for battery storage
losses, with t as the time in months that the
battery spent in storage and T,,,;, is in Kelvin
here [4].

—40498
8.3143 Tymp

The key battery parameter affected by

F.=1-1544x 105 exp( )t (8)

changes in ambient temperature is the inter-
nal resistance R;,;s. At low temperatures this

increases because of the low kinetic energy

of Lithium ions crossing the electrolyte mate-
rial [7]. Increasing temperature can thus in-
crease battery capacity for one battery cycle,
as also indicated by Equation 2, but the cyclic
loss is amplified, decreasing Qsqpnie [4]- The
internal battery resistance is given by combin-
ing Equations 9 and 10 [5, 6]. Here T,,,,p is the
battery’s ambient temperature in degrees
Celsius and R;,;o is a reference value at the
same SOC and an ambient temperature of
0°C.
Rints(S0C) = —1.399 x 1075 x T2, ,
—2.768 X 10™* X T + R;40(S0C) 9

Rinto(SOC) = 0.1562¢2437(50C)
+0.07446

2.2. BPMDC Motor Model:
A BPMDC motor is often modelled by

an equivalent circuit comprising motor wind-

(10)

ing inductance L,, winding resistance R, ro-
tation speed w, torque T,, motor inductance

Ly and induced electromotive force E. as

shown in Fig. 2 [8].
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Fig. 2 BPMDC Motor Equivalent Circuit [9]

Variable i, is the current drawn by the

motor. The overall voltage required by the



motor is given by Equation 11. Equation 12

relates current and motor torque 7, [8].

di
Vy = iR+ Laa + ko (11
Tp = Kelg (12)

Here k. is the motor torque constant.
Equation 13 is the sum of the motor’'s load
torque, t;, no-load torque 1, and angular ac-

celeration multiplied by the inertia J [8].

(13)

If the motor is controlled by a H-Bridge

dw
TD:T1+T0+]E

with a pulse-width modulation (PWM) switch-
ing scheme and duty ratio p. The motor cur-
rent is related to the current drawn from the
battery, iy, by Equation 14 [9].
inx = pla (14)
Thus, motor current is higher than the
current drawn from the battery.
The temperature of the motor can be
modelled using the equivalent circuit in Fig. 3
and Equation 15 [3].
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Fig. 3 BPMDC Motor Thermal Model
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This equation takes the motor power
loss, as well as the winding-to-casing and the
casing-to-ambient thermal time-constant into
account. The motor power loss is given by

Equation 16.

kotw  kotw?
ky ky

Variable k, relates to the term k,w in

Py =i2R +

(16)

Equation 11. The winding resistance is tem-
perature dependent according to Equation 17
[3].
R =Ro(1+ (T, —Tp)) (17)
The resulting current dissipation in R
implies that the BPMDC motor requires more
current to maintain the same torque at higher
temperatures. The torque constant k, and in-

ductance L, are varied in the same manner.

2.3. Robot Model:
The torque required to move the robot

up an incline of 8 assuming negligible aero-
dynamic force is given by Equation 18, as
shown in Fig. 4. The robot tracks follow the
outline of its main body and movable flippers,

to allow climbing, can be seen at its sides.
1
7; = (ma + umg cos 6 + mg sin O)r X G_TI (18)

Variable m is the robot mass, a is its ac-
celeration, u is the friction coefficient, r the
wheel radius, g is gravity, G the gear ratio be-
tween motor and wheel and 7 is the motor ef-
ficiency. The wheels driven by the motors
drive a pair of track and no-slip between the

components is assumed.

)49 sin@

Fig. 4 Free Body Diagram



The torque in the robot’s flippers is
given by Equation 19.

Pl L

2 Gn

(19)

Here m; is the load to be lifted and [ its
distance from the centre of rotation. Equa-
tions 18 and 19 can be used in conjunction
with Equation 12 and 13 to model the current
drawn by the robot motors during different op-
erations.

The current drawn by on-board instru-
mentation is estimated through Equation 20
and assumed to remain constant with temper-
ature.

Iop = (Icomp + Isens) X (2 = Neonw)

The factor (2 — nonp) is included to ac-

(20)

count for on-board converter inefficiencies, as

the robot uses a single battery power supply.
Overall current drawn by the electronic

system on-board the robot is given by

Equation 21.

(21)

Iy+is the current drawn by the track mo-

laraw = Ime + IMf + Iyq + Dop

tors, Iy that drawn by the flippers and I,,,4
that drawn by the robot arm. This is then sub-
stituted for ip4¢tery in Equation 1 to allow for
SOC and battery life estimation. Converter ef-
ficiency here is 0.86 (TRACO POWER
TEL 30-24xx Series) and the duty ratio p is

given by Equation 22.

Ve — 2.5
=~ 25 @2)

Here V., is the voltage signal between
0 and 5V sent to the robot by the remote op-
erator, with 5V indicating maximum forward

speed and 2.5V indicating zero speed.

3. Simulation Results:

A battery cell model powering two
BPMDC motors, like that described above
was implemented in MATLAB Simulink by
Huria et al. in [10], see Fig. 5. The model here
adapts parts of this with Equations 2 to 10 but
combining R;,;s and R, with the assumption
made that n = 25.

The simulated battery is made up of
six 3.8V cells in series, to give a total Voltage
of 22.8V, with a Capacity of 5.2 Ah. To ac-
count for storage losses after 18 months of
storage the capacity correction factor from
Equation 8 is employed to give a remaining
battery capacity of about 4.2 Ah. Lookup ta-
bles (LUT) containing values at 6 SOC break-
points for Ry, Crs, Ry, @and Cry, assuming an
initial SOC of one, are computed. The no-load
torque 7, was calculated to be about 10m Nm.
The components that make up the BPMDC
motor’s equivalent circuit are varied with tem-
perature following the behaviour of
Equation 17 assuming copper windings and a
Neodymium permanent magnet with R of
0.103Q and ¥ as 0.0039pcK™. The no load
torque is given by the torque constant multi-
plied by the no load current. The motors are
94% efficient and the main track gear ratio G
is 156. Motor torque is computed from
Equation 18 and 13 assuming operation at
zero-degree incline and a rubber on asphalt
friction coefficient of 0.7. The battery current

is then ultimately obtained from Equation 21.
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Fig. 5 Full Simulink Model

At a precomputed value for R;,;s at
20°C, simulation has shown that T,.; does
not increase by more than approximately 4°C
when discharging at an ambient temperature
of 20°C. Because of this it is assumed that
Teerr is equal to Ty,mp, Which results in SOC, of
approximately one according to Equation 2.
Because of this is assumption it is possible to
add a LUT with values for R;,;s at tempera-
tures between -20°C and 100°C in 20°C in-
crements. Simulation results for the model
described above at varying ambient tempera-
tures at constant torque are shown in Fig. 6.
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Fig. 6 SOC at Ambient Temperature Change

The remaining SOC at any time t var-
ies significantly as the temperature varies
from 20°C and further that the discharge is
approximately linear. As was expected the
battery depletes faster at lower temperatures.

The discharge (SOC) gradients of the
graphs in Fig. 6 are given in Table 1.

Temperature (°C) | SOC Gradient (s™1)

-20 ~2.8%x107*

0 —2.5x107*

20 —2.1x107*

40 -1.6 x107*

60 ~1.3x107*

80 —0.9x107*
100 —0.5%x 107*

Table 1 SOC gradient at varying temperature

From the values above the average
change in SOC gradient per 20°C tempera-
ture decrease obtained through simulation is
about 0.33x10%s™,

With the ambient temperature set to
20°C the BPMDC motor torque is varied be-
tween ONm and 0.35Nm. The results are plot-
ted in Fig. 7.
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Fig. 7 SOC at varying Motor Torque

As expected, the battery SOC de-
creases faster as the motor torque increases.
The graphs are also approximately linear. Ob-

served gradients are given in Table 2.

Torque (mNm) | SOC Gradient (s71)
175 -2.0x107*
250 -2.8x107*
300 -3.4x107*
350 -3.8x107*

Table 2 SOC gradient at varying torque

The average gradient change of the
graphs in Fig. 7 per 0.05Nm increase in
torque is thus 0.5x10* s, It follows that when
the batteries are discharged under varying
torgue at low temperatures, the SOC will de-
plete at a higher rate still.

To compensate for amplified dis-
charge rates to maintain battery life at varying
temperatures and allow consistent SOC esti-
mations, a mechanism to adjust current draw
depending on ambient temperature and
torque output is needed. Further effects of

this are reduced battery life cycle losses from

high temperature cycling and improved robot
safety from additional battery monitoring.

The results in Fig. 6 imply that when
the ambient temperature increases by 20°C,
a discharge current reduction of about 15.7%
is required. Similarly, for the torque a reduc-
tion of 14.7% per 50mNm is needed.

Since SOC is generally not
measured directly, alternate quantity needs to
be measured [11]. Two SOC dependent
guantities are the battery cell voltage and in-
ternal resistance. Fig. 8 shows the behaviour
of cell voltage under ONm motor torque and
20°C ambient temperature. For safety rea-
sons and to ensure the battery will maintain
its ability to be recharged, Lithium batteries
should not be fully discharged. The battery
cells employed are 3.8V and a remaining cell
voltage of about 3V is recommended [12].

Cell Voltage
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0 1000

2000
Time (s)

3000 4000

Fig. 8 Change in Cell Voltage

The blue points indicate the fluctua-
tion in battery voltage under pulse discharge
at different sampling times and the orange
line is a third order polynomial approximating
the voltage decrease over time, with an aver-

age gradient of about -5.8x10°Vs™. This is



observed as approximately linear between
30s and 1080s. The gradient of the linear ap-
proximation represented by the yellow line is
-0.15x10°Vs™. Further it can be seen that
battery voltage remains approximately con-
stant between about 1200s and 3000s. If the
data in Fig. 8 is represented by a first order
polynomial its gradient is about -3.5x10°Vs™.
According to the observations from Fig. 8, the
battery cell voltage drops down to 3.4V
quickly and depletes to about 3.2V after
2000s.

4. Experimental Results:

The validity of the theoretical model
was assessed through an experiment using
the robot hardware. A RapidCharge LiPo
6S1P battery is connected to two Maxon
RE50 BPMDC motors via a RoboClaw motor
controller and discharged at two ambient tem-
peratures, 20°C and 30°C. The tested motor
load torque is ONm and 7, = 10mNm for a
duration of thirty minutes or 1800s, to ensure
it does not deplete excessively. The motors
are tested at full speed and then with a 15%
reduction in motor current draw. The battery
cell voltage is measured continuously with a
Rapid 318 DMM voltmeter of 0.1V accuracy.
The battery resistance is measured initially
and after test completion. All tests are exe-
cuted on one battery. The measured initial
and final battery voltages are given in Table 3

and the internal resistances in Table 4.

Voltage (V) = 20°C =~ 30°C
Vinitiat £ 0.1V 22.6 22.6
Viina £ 0.1V | 22.4/22.4 | 22.5/22.6

Table 3 Battery Voltage

R@) | =~20°C ~ 30°C
Rinitial ~ 0.012 ~ 0.0055
Ryinal | ~ 0.04/0.03 | ~ 0.018/0.016

Table 4 Internal Battery Resistance

The non-compensated (nc) and com-
pensated (c) per-cell voltage gradients with
respect to time are given in Table 5. Cell volt-
age test results were generally within an order
of magnitude of the values obtained through
simulation, whereas the observed internal
battery resistance was within 50 percent of

the calculated values.

Test Observed
nc20°C | —4.0 x 1075
€20°C | —3.4x107°
nc30°C | —1.7 x 1075
¢ 30°C 0

Table 5 Measured Gradients

The voltage drops in Table 4 were ob-
served between 750 and 1000 seconds of
test runtime, the batteries did generally not
deplete further before the end of each test af-
ter 1800s. This verifies the behaviour of the
third order polynomial shown in Fig. 8, where
the cell voltage depletes quickly for about
1100s and then plateaus until about 3000s of
simulation runtime.

At 20°C the compensation has re-
duced the battery’s depletion rate, which fol-
lows the theory, since a lower motor speed
results in a lower current draw. However,
there is a significant error between the simu-
lated and the observed cell voltages. An ex-
planation for the observed differences is bat-
tery storage loss from aging. The battery age

may be more than the estimated 18 months.



This and storage temperature fluctuations
would further affect the values computed
through Equation 8 and hence the battery’s
capacity and internal resistance. The as-
sumption that the initial battery SOC is one,
regardless of ambient temperature, is another
potential source of error. Initial SOC error is
amplified further by storage loss, see
Equation 8. One important parameter the sim-
ulation seems to overestimate is the no-load
BPMDC motor current draw. The observed
motor current was about 30% lower than that
in the model in Fig. 5. This may be caused by
the assumed linear relationship between the
motor current and torque and the neglected
temperature dependence of the torque con-
stant [9]. Temperature effects on motor wind-
ing resistance and inductance also affect mo-
tor current draw and the simple linear model
used in Equation 17 may not account for
these sufficiently. The type of battery model
employed here has previously been shown to
have error without parameter adjustment [13].
The accuracy can be improved by the appli-
cation of extended Kalman filters on the bat-
tery equivalent circuit components [13]. To
show how the battery model improves with
parameter adjustment a parametric sensitivity
test was carried out on the Simulink model,
where the equivalent circuit component val-
ues are doubled. The results of this are shown
in Fig. 9. The voltage gradient of the yellow
line here is about -0.33x10°Vs and hence

closer to the observed values.

Cell Voltage
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Fig. 9 Parametric Sensitivity Test

0 1000

4000

5. Conclusion:

An attempt to model battery SOC at varying
temperatures was made. Since the compen-
sation mechanism described above has been
shown to result in decreased battery deple-
tion rates, the general theory behind the sim-
ulated model is confirmed. However, a dis-
crepancy between theoretical and experi-
mental results is observed. Likely explana-
tions for this include battery storage loss, but
also uncertainties introduced by the various
assumptions made to construct the model
and simulate it successfully. Simulation has
reinforced the expected behaviour of Lithium
Batteries and BPMDC motors and the in-
crease in internal battery resistance with de-
creasing battery state-of-charge has been
shown both theoretically and experimentally.
The behaviour of Lithium battery cell voltage
during discharge was verified.

Further work on the model described
may include more extensive system testing
under varying motor load torques and wider
temperature ranges. Obtained results could
then be used to adjust the theoretical model

to yield accurate state-of-charge estimations.
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