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Abstract 
In the present work, a new model for Li-ion battery performance is proposed. This model 
is based on the energy discharge level (in relation to full capacity), and was developed after 
testing carried out on the battery of the UPMSat-2 satellite. These thermal vacuum chamber 
tests showed extremely high energy efficiencies. The results from the proposed model 
reproduce the test results (discharging/charging processes) of a 17.2 A • h Li-ion battery. 
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1. Introduction 

Different equivalent circuit models have been proposed in the 
past to analyze Li-ion battery performance, see for instance 
the works of Newman et at [1] He et at [2] Mousavi et at [3] 
and Fotoui et at [4]. One of the problems that arises when ana
lyzing batteries is the performance dependence on the output/ 
input current (i.e. the discharge/charge rate). Furthermore, the 
capacity of a battery is normally given in A • h (ampere hour), 
which also depends on the discharge rate. In addition, the state 
of charge or the depth of discharge of a battery are normally 
given as a percentage of the battery capacity which, as stated, 
depends on the discharge rate. 

The UPMSat-2 mission battery testing was performed at 
the Thermal VAcuum Chamber (TVAC) of the IDR/UPM 
Institute, in December 2017 (see figure 1). As expected, very 
high efficiency levels (between 97.5% and 99%) were meas
ured during the discharging and charging processes. After this 
testing, our research group decided to study the energy dis
charge level as the primary variable to analyze Li-ion battery 
performance. The UPMSat-2 battery is a space-qualified 18 A • 
h Li-ion battery manufactured by S AFT Batteries (more infor
mation on the mission can be found in [5-7]). 

The present work is organized as follows. In section 2, the 
model proposed is described, together with the testing set
up developed to obtain experimental results related to Li-ion 

battery discharging/charging processes. The results are dis
cussed in section 3, and the conclusions are summarized in 
section 4. 

2. Battery modeling and experimental set-up 

2.1. Battery modeling 

As previously mentioned, the core of the present work 
assumes that the efficiency of a Li-ion battery is high enough 
to consider zero energy losses. Taking this fact into account, 
the energy discharge level, <fi, of a Li-ion battery has been 
defined as: 

4> = 4>o + f £dMf = 4>0 + f (VI + RdI
2) dt, (1) 

J to J to 

for the discharging process, whereas for the charging process 
was defined as: 

4> = h~ I EcIdt = <fo- f (VI- RCI2) dt, (2) 
J to J to 

where E° and Ed are the internal voltage level of the battery 
during charging and discharging, respectively, / is the output/ 
input current, R<± is the internal resistor during the discharg
ing procedure, Rc is the internal resistor during the charging 
procedure and 4>Q is the battery level of discharge at instant 
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Figure 1. UPMSat-2 battery testing at the IDR/UPM Institute 
TVAC. 
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Figure 2. Equivalent circuit models for a Li-ion battery during 
discharging (left) and charging (right) processes. See also 
equations (3) and (4). 

to. The two equivalent circuit models, for the discharging and 
charging processes, are shown in figure 2. 

The output voltage from each process can then be expressed 
as: 

V(4>,I)=Ed-RdI, 

V{4>,I)=EC+RJ, 

(3) 

(4) 

with the internal battery voltages being expressed in relation 
to the discharge energy, <fi, and a group of constants/param
eters to be extracted: 

d c d Tpd £d =/(</>, £«,£?,£) 

Ec=g(4>,ElE\,El...). (6) 

In principle, coefficients Ef and Ef are not dependent on the 
current / (this statement is discussed in section 3). 

Once the discharging and charging models had been pro
posed, a complete battery model that takes both into account 
was derived for the static performance (static performance 
refers to discharging or charging operations at constant cur
rent), see figure 3. This model is similar to the hysteresis 
model proposed by Bangaru et at [8]. 

w k ^ 

Figure 3. Li-ion battery model proposed for static charging and 
discharging processes. 

Figure 4. Complete Li-ion battery model proposed, for static and 
dynamic performance. 

Finally, the non-static or dynamic performance had been 
taken into account, by adding two pairs of resistor-capacitor 
parallel elements connected in series to the static models, see 
figure 4. Obviously, in this case: 

Rd = Rint +Ri +Ri- (7) 

(5) 2.2. Experimental set-up and testing procedure 

A 17.2 Li-ion battery was used to test and calibrate the pro
posed model and analyze its performance. This battery is 
based on Samsung INR 18650-25R cells [9], comprising six 
series (each one of six cells) parallel connected. In figure 5, 
the testing set-up of the battery is shown. A Mayuno M9812 
DC Electronic Load controlled by Mayuno M9711 software, 
and an ISO-TECH IPS3303 Bench Power Supply were used 
to carry out all the tests. 

Two discharging/charging processes were initially pro
grammed, at 0.5 and 3.5 A. After that, four more discharging/ 
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Figure 5. Testing set-up for the Li-ion batteries. 
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Figure 6. Discharging (top) and charging (bottom) processes 
performed on the Li-ion battery tested. 

charging processes were carried out at 1 and 2.5 A (charge), 
and 2 and 5 A (discharge). The reason for this asymmetry lies 
in the purpose of the present work, to develop a battery model 
for small satellites (50 kg) in which the discharge rates are 
larger than the charge rates. This is because the power con
sumption is periodically boosted due to communication with 
Ground Control (and also the charge rate might be limited due 
to low temperatures—e.g. after an eclipse-). 

The discharging process measurements were started from 
the full-charge state and stopped at V = 16.3 V (that implies 
a 2.7 V limitation per cell plus 0.1 V safety margin to take 
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Figure 7. Discharging (top) and charging (bottom) voltages 
measured at different rates, expressed in relation to the discharged 
energy rate, <fi. Fittings of the equivalent circuit model (equations 
(3) and (4)) with the internal voltage linear model (Model 1; 
equations (8) and (9)) have also been included as dashed lines. See 
also table 1. 

into account cell unbalance). On the other hand, the charging 
process measurements were started from the remaining state 
after a discharging process, stopping at V = 24.6 V (4.1 V per 
cell). Then, the charging process was restarted at a reduced 
rate until the 24.6 V limitation. This process was repeated to 
progressively reduce the charge rate till / = 100 mA, which 
was the last charge rate. 

3. Results 

In figure 6, the evolution of the battery output voltage, V, dur
ing the discharging/charging processes is shown in relation 
to the current discharge/charge level, I-t, expressed in A • h. 
In this figure, it can be observed that the curves related to the 
discharging processes present a linear behavior initially, fol
lowed by a sudden decay that might fit an exponential func
tion. On the other hand, the charging processes clearly show 
a linear behavior. 

From the linear part of these curves, a first estimation of 
the internal resistors, R<± and Rc, can be obtained. Selecting 
three different discharge/charge rates (I • t = 4.17, 6.94 and 
9.72 A • h for the discharging processes; I • t = 2.78, 6.94 
and 9.72 A • h for the charging processes), and taking into 
account: 

AV = Rd-CAI, (8) 
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Table 1. Coefficients of the equivalent circuit model (equations (3) and (4)) with the internal voltage linear model (Model 1; equations (8) 
and (9)), obtained in the three iterations carried out (It. 1, It. 2 and It. 3), starting from an initial state (It. 0). 

Coefficient It. 0 It. 1 It. 2 It. 3 

Rii.il) 

Ed
0 (V) 

Ec
0iV) 

£*5(V -W-1 -h-1) 

0.14718 

0.15913 

0.13316 

24.6 

-3.6 • 10-3 

0.17547 
24.6 
-3.6 • 10~3 

0.13316 

24.384 

-1.271 • 10~2 

0.17547 
24.446 
-1.231 • 10-2 

0.13316 

24.384 

-1.271 • 10~2 

0.17547 
24.446 

-1.231 • 10~2 

v\y\ 

v\y\ 

^[W-h] 

Figure 8. Fittings (dashed lines) of the discharging equivalent 
circuit model (equation (3)) to the testing results. Battery internal 
voltage is modelled with both linear and exponential terms 
(equation (11)), the constants of the exponential term being constant 
(top) and dependent on the current rate (bottom; see also table 2). 

the following mean and initial estimations for the resistors 
were obtained: Rd = 0.1472 ft (a = 0.028 ft); Rc = 0.1591 ft 
(a = 0.053 ft). 

Based on these resistor values, it is then possible to 
calculate the energy discharge level, <fi, associated to the dis
charging and charging processes (equations (1) and (2)), in 
order to plot again the battery voltage evolution during the 
discharging/charging processes as a function of this new vari
able, see figure 7. Then, if only the linear part of the curves is 
considered, a first-order modeling of the battery internal volt
ages can be fitted to the curves: 

Ed (4>) = Ed
0 + Ei4>, 

Ec{4>)=El+E\4>, 

(9) 

(10) 

with the constants Ed, Ed, £§ and E\ therefore being extracted, 
together with new values for resistors, Rd and Rc, that lead 

Table 2. Coefficients of the internal voltage discharging model 
(equation (11)) exponential term, in relation to the discharging 
current. 

Discharging current 

Coefficient 0.5 A 2A 3.5A 5A 

£d(V) -5.600 • 10-9 -3.592-10-15 -8.042-10"17 -3.149 • 
1 0 - i 6 

2 9.803 10"2 1.106-10"1 1.084-
10-' 

El 5.508 - 10 
(W-1 - h"1) 

V\W] 

vm 

350 400 
0[W'h] 

Figure 9. Discharging (top) and charging (bottom) voltages 
measured at different rates, expressed in relation to the discharged 
energy rate, <fi. Fittings of the equivalent circuit model (equations 
(3) and (4)) with the internal voltage linear model (Model 2; 
equations (12) and (13)) have also been included as dashed lines. 
See also table 3. 

to a new, more accurate calculation of the energy discharge 
level, 4>. This process can be repeated in order to obtain a 
more accurate approach to the linear behavior of the battery 
(see figure 7). In table 1, the values obtained are included in 
relation to the iteration carried out. Finally, it should also be 
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Table 3. Coefficients of the equivalent circuit model (equations (3) and (4)) with the internal voltage modelled with equations (12) and (13) 
(Model 2). Results from the three iterations carried out (It. 1, It. 2 and It. 3), starting from an initial state (It. 0). 

Coefficient It. 0 It. 1 It. 2 It. 3 

fld(fi) 
Ed

0 (V) 
^ ( V - W - 1 -h-1) 

E{0 (V) 
Efl(n) 
Ef2(n-A-r) 
Elo (W-1 • h-1) 

^ ( W ^ - h " 1 -A"1) 
flc(O) 
EC

0(V) 
E\(V -W-1 -h-1) 

£|(V) 
ESoCN-i-h-1) 
E^iW-^h-1 -A-1) 

0.13316 
24.384 

-1.0 - l o - 2 

-5.0 • 10"9 

- i . o - i o - 8 

- i . o - i o - 8 

5.0 • lO-2 

-1.0 - lo - 3 

0.17547 
24.446 

-1.0 - l o - 2 

- i . o - i o - 8 

5.0 • 10~2 

-1.0 - lo - 3 

0.13433 
24.369 

-1.2277 • 10~2 

-1.0621 • 1(T9 

-4.4697 • 10-10 

-4.785 • 10-" 

5.8079 • 10~2 

-3.3582 • 10~3 

0.1571 
24.421 

-1.2169 -10-2 

-9.006 • 10-14 

8.1032 • 10~2 

-3.9841 • 10~3 

0.13433 
24.369 

-1.2276 • 10~2 

-1.0619 • 1(T9 

-4.4689 • 10-10 

-4.7839 • 10-" 
5.8147 • 10~2 

-3.3609 • 10~3 

0.15 724 
24.421 

-1.2171 • 10~2 

-2.6699 • 10-14 

8.4359 • 10~2 

-3.8999 • 10~3 

0.13433 
24.369 

-1.2276- 10~2 

-1.0617- 10"9 

-4.468 • 10-10 

-4.783 • 10-" 

5.8151 • 10~2 

-3.3599 • 10~3 

0.15 724 
24.421 

-1.2171 • 10~2 

-2.6493 • 10-14 

8.4402 • 10~2 

-3.8938 • 10~3 

mentioned that the fittings were carried out for the linear sec
tions of the curves, that is, <fi G [50, 260] W • h in the case of 
the discharging processes, and for <fi e [50, 350] W • h in the 
case of the charging processes. This linear model of the dis
charging and charging processes is called hereinafter Model 1. 

A more complex model was analyzed for the internal bat
tery voltage, considering an exponential term for the discharg
ing process: 

£d (<j>) = £0
d + £fr + 4 exp (Ed

34>) . (11) 

In this model, the values of constants Ed, Ed and Rd are pre
served from Model 1. As can be observed in figure 8 (top), 
this model does not represent well enough the behavior of the 
discharging processes. However, if different constants Ef and 
£3 are considered for each different current, the model fits 
the experimental results much better (see figure 8 (bottom)). 
In table 2, the coefficients Ef and £3 obtained for all currents 
are included. 

Bearing in mind the effect of the current on the coefficients, 
the following model (Model 2) was finally proposed for the 
internal voltage during the discharging/charging processes: 

Ed (4>) = Ed
0 + Ei4> 

(£2,0 £2V £2V2) e x P [(£3,0 EU) 
(12) 

Ee(4>)=Ee
0-Et4>-Ee

2exp[(Ee
X0 Eh{, 4>]- (13) 

In figure 9, the fittings of the aforementioned discharg
ing/charging models (equations (3) and (4)), bearing in mind 
the above equations, are shown. In table 3, the coefficients of 
equations (12) and (13) are included in relation to the iteration 
carried out during the fitting process. As was done in the case 
of Model 1, new values of the internal resistors were obtained 
in each iteration, the energy discharge level, <fi, being conse
quently recalculated. 

/ [ A ] 

1 1 

!_ , 

0 60 120 180 240 300 360 

Figure 10. 20-step dynamic discharging/charging period of 360 s 
programmed to measure the dynamic battery performance. This 
cycle is similar to the one included in the USABC battery test 
procedures manual [10]. 

A discharging process at 2 A rate, combined with 20-step 
dynamic discharging/charging periods of 360 s each hour was 
programmed to obtain data to adjust the complete model from 
figure 4. In figure 10, the discharging current during these 
dynamic periods is plotted. Obviously, the current has negative 
values in the charging steps. In figure 11, the battery voltage 
during this discharging process is shown. The complete model 
for the battery (figure 4) was then fitted to this data, the values 
associated to the internal resistor and the two resistor-capaci
tor pairs being extracted (Rint = 0.07707 ft; Rt = 0.03777 ft; 
R2 = 0.01949 ft; Cx = 1100 F; C2 = 950 F). 

The model was finally programmed in a Matlab/Simulink 
environment, and was tested with the same discharge/charge 
rate used to measure the dynamic battery performance. The 
results are included in figure 11, in which the model perfor
mance and the battery performance can be compared. The 
comparison between the model and the battery performance 
during the second 20-step dynamic discharging/charging period 
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Figure 11. (Top) discharging process of the tested Li-ion at 2 A 
rate, combined with 20-step dynamic discharging/charging periods 
of 360 s each hour (see figure 10). Results of the proposed model 
have also been included (dashed line). Results from the second 
20-step dynamic discharging/charging period have been plotted in 
detail, in the bottom graph. 

is also plotted in the bottom graph of the figure, in order to 
compare the behavior during sudden changes of battery dis
charge/charge rate. In this graph, one can observe the good 
performance of the model, with deviations of AV< 0.1 V 
in relation to the measured performance of the Li-ion battery 
tested. 

4. Conclusions 

A new model for Li-ion battery performance based on the 
energy discharge level has been proposed. Bearing in mind 
that the present work is an early communication and more 
research should be carried out, it can be said that the results 
from the proposed model reproduce the test results (dis
charging/charging processes) of a 17.2 A • h Li-ion battery. 
Finally, it should also be mentioned that, although temper
ature changes or the number of discharging/charging cycles 
have not been taken into account in this work, these variables 
will be analyzed in future research campaigns to improve the 
proposed model. 
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