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THE OPEN-CIRCUIT VOLTAGE STATE ESTIMATION OF
THE BATTERY†

SHINWON LEE

Abstract. Currently, batteries use commonly as energy sources for mobile
electric devices. Due to the high density of energy, the energy storage state
of a battery is very important information. To know the battery’s energy
storage state, it is necessary to find out the open state voltage of the
battery. The open state voltage calculates with a mathematical model,
but the computation of the real time state is complicated and requires
many calculations. Therefore, the state observer designs to estimate in real
time the battery open-circuit voltage as disturbance including model error.
Using the estimated open voltage and applying it to the state estimation
algorithm, we can estimate the charge. In this study, we first estimate the
open-circuit voltage and design an estimation algorithm for estimating the
state of battery charge. This includes errors in the system model and has
a robust characteristic to noise. It is possible to increase the precision of
the charge state estimation.

AMS Mathematics Subject Classification : 62L12, 93E10.
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1. Introduction

Due to the development of the IT industry and the rapid increase in the de-
mand for mobile electronic devices, the market size of rechargeable batteries is
rapidly increasing[1-13]. Lead-Acid Batteries are secondary batteries that used
a lot as energy sources for electronic devices[3-4]. It is heavier than other sec-
ondary batteries and has a disadvantage in that the charging and discharging
efficiency is inferior, but it is widely used because of its low cost and excellent
stability.
In order to overcome the shortcomings of lead acid batteries, many lithium-based
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batteries developed. In the case of lithium-ion batteries, the higher energy den-
sity increases the risk of explosion due to temperature and overcurrent during
charge and discharge. In other words, there is an increasing demand for improv-
ing battery performance and overcoming risk factors.
In order to effectively manage all secondary batteries and overcome the risk fac-
tors, it is necessary to understand the electrical condition and characteristics of
the battery.
There is a need for a model of the battery that can predict the charge and dis-
charge characteristics of the battery. It is necessary to simulate precisely various
related parameters such as state of charge (SOC), battery terminal voltage and
open battery voltage[5-11]. In this paper, we construct a state observer for the
estimation of SOC. The state observer configures as a disturbance observer that
assumes a state including a nonlinear component on the assumption that the
open voltage of the battery is constant in the interval.

2. OBSERVER DESIGN

In the process of charging and discharging, the charge and discharge charac-
teristics determine by the electrochemical reaction occurring inside the battery,
the flow of the electrolyte, the transfer of ions, and the change of the pore of the
electrode, etc. Thus, battery models include electrical equivalent circuits, elec-
trochemical and mathematical battery models. The battery equivalent model
consists of a series connected resistor and an RC (resister capacity) network in
series, as shown in Fig. 1.

Figure 1. Lead-acid Battery Equivalent Circuit Model.

Among the battery models for estimating the charge rate based on the model,
the equivalent model uses Fig. 1 consisting of a series connected resistor and
a series of RC networks. Based on Thevenin’s equivalent circuit model, OCV
and internal impedance Z are expressed in parallel circuits of R1//C1. The
configuration of the circuit equation is as shown in from Eq. (1) to Eq. (3).

VT (t) = VOCV (t)− V1(t)−Rsi(t) (1)
d

dt
V1(t) = − 1

R1C1
V1(t) +

1

C1
i(t) (2)
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d

dt
SOC(t) =

1

Qfull
i(t) (3)

The state variable at time t is x(t) = [ x1(t) x2(t) ]T , the input is u(t) = i(t),
and the output is y(t) = VT (t). V1(t) is the voltage drop in the capacitor, i(t) is
the current flowing through the circuit, and VT (t) is the terminal voltage of the
entire circuit.
Eq. (4) defines the state variable x1(t) to design the state observer.

x1(t) = VOCV − V1(t) (4)
In order to obtain the rate of change of the state variable x1(t) with respect

to time, Eq. (4) is arranged as V1(t) and substituted into Eq. (2), the following
Eq. (5) is obtained.

d

dt
(VOCV − x1(t)) = − 1

R1C1
(VOCV − x1(t)) +

1

C1
u(t) (5)

Eq. (5) is expressed as the rate of change of the state variable x1(t) with
respect to time, and the following Eq. (6) is obtained.

d

dt
x1(t) = − 1

R1C1
x1(t) +

d

dt
VOCV +

1

R1C1
VOCV − 1

C1
u(t) (6)

In Eq. (6), VOCV is a constant value in the time interval, and if a new state
variable x2(t) is defined, Eq. (7) is as follows.

x2(t) = f(V̇OCV , VOCV ,∆u) =
d

dt
VOCV +

1

R1C1
VOCV +∆

1

C1
u(t) (7)

The value of ∆ 1
C1
u(t) in Eq. (7) corresponds to the input error including the

input error and the capacitor error, which is the coefficient of the input variable.
If Eq. (6) is rearranged using Eq. (7), Eq. (6) is the same as Eq. (8) to Eq. (9)
below.

d

dt
x1(t) = − 1

R1C1
x1(t) + x2(t)−

1

C1
u(t) (8)

d

dt
x2(t) = ḟ(V̇OCV , VOCV ,∆u) = 0 (9)

Eq. (9) is a value obtained by differentiating Eq. (7), and the input error
∆ 1
C1
u(t) is a value converging to zero. Therefore, Eq. (9) can be assumed to be

0.
If the output state equation is constructed using Eq. (1) as y(t) = VT (t), it is
the same as Eq. (10).

y(t) = x1(t)−Rsu(t) (10)
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If Eq. (8) to Eq. (10) are expressed as a state equation, the following Eq.
(11) to Eq. (12) are the same.

d

dt

[
x1(t)
x2(t)

]
=

[
− 1
R1C1

1

0 0

] [
x1(t)
x2(t)

]
−
[

1
C1

0

]
u(t) (11)

y(t) =
[
1 0

] [
x1(t) x2(t)

]T −Rsu(t) (12)
If the state observer is designed using Eq. (11) to Eq. (12), this is the same

as Eq. (13) to Eq. (14).

d

dt

[
x̂1(t)
x̂2(t)

]
=

[
− 1
R1C1

1

0 0

] [
x̂1(t)
x̂2(t)

]
−
[

1
C1

0

]
u(t) +

[
l1
l2

]
(y(t)− ŷ(t))

(13)
ŷ(t) =

[
1 0

] [
x̂1(t) x̂2(t)

]T −Rsu(t) (14)
In Eq. (13) and Eq. (14), the observer gains l1 and l2 can be determined by

the following equation. That is, in the state equation of Eq. (11) to Eq. (12),
the state error equation that is the difference between the state observers of Eq.
(13) and Eq. (14) is equal to Eq. (15).

d

dt

[
x1 − x̂1(t)
x2 − x̂2(t)

]
=

[
−l1 − 1

R1C1
1

−l2 0

] [
x1 − x̂1(t)
x2 − x̂2(t)

]
(15)

In the state error equation of Eq. (15), the state error decreases exponentially,
so that Eq. (15) can estimate the state Eq. (7). The state of Eq. (7) is
constant at certain time intervals, and the derivatives of time decrease with
time. Therefore, in order to determine the observer gains l1 and l2 so that the
error equation of Eq. (15) converges to zero, the characteristic equation of Eq.
(15) is obtained. This is the following Eq. (16).

∆equ.(15) = s2 +

(
l1 +

1

R1C1

)
s+ l2 (16)

If the observer gains l1 and l2 are set such that the two roots of the character-
istic Eq. (16) are on the left-hand side, the error state of the Eq. (15) gradually
converges to zero.

3. PERFORMANCE EVALUATION

To verify the performance of the proposed OCV (open circuit voltage) esti-
mator, we simulated the battery model using the measured parameters. As a
result, we compared and reviewed the performance of the estimator.
The battery model was created in PSIM 9.03, which is suitable for experiment-
ing with power systems. The following is a battery model written for a virtual
experiment. The lead acid battery model used in the simulation is the same as
Eq. (16) to Eq. (17).[13]
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VT = E0 −K
Q

Q−
∫
idt

(

∫
idt+ i∗) + Vexp(t) (17)

V̇exp(t) = B|i(t)| (−Vexp(t) +Au(t)) (18)
Here, Vexp(t) represents the voltage in the exponential zone from the start of

discharge in the full charge state to the point where the exponential decrease
ends, and has the characteristics of Eq. (17). E0 is the battery constant voltage
at full charge. K is the polarization constant. Q is the battery capacity, and i∗
is the measured current through a low pass filter. A is the size of the exponential
zone in which Vexp(t) acts, and B is the reciprocal of the time constant. And
u(t) is applied as a value of 0 in discharge. Eq. (17) was used to find a solution
on the assumption that the current acts as a nonlinear constant. The applied
parameters are shown in Table 1.

Table 1. battery parameter

Parameter value
E0 12.4659 V
R 0.04 Ω
K 0.047 V/Ah
A 0.83 V
B 125 (Ah)−1

Eq. (16) to Eq. (17) implement battery operation using a lead-acid battery
model. Here, the output current was measured and used as the input of the
observer, and the measured output terminal voltage was used as the output
state and the observed state of the observer was used to estimate the internal
state of the battery and the amount of charge. The electrical model of the
battery used for state estimation is shown in Fig. 1. The resistance Rs in Fig. 1
is 0.04 [Ω], the resistance R1 is 0.01 [Ω], and the capacitor C1 is 0.8 [mF ]. And
the observer gain l1 of Eq. (13) was set to 0.01 and l2 was set to 3.6G so that
the root of the characteristic equation of Eq. (16) had a middle root at 60000.
Fig. 2 shows the discharge at 0.125C rate and Fig. 3 shows the discharge at
0.25C rate, which is the result of the battery load as a resistor. Discharge was
performed for 0.6 hours and discharge was stopped for 0.4 hours.

The upper part of Fig. 2 shows the observer state variable x1 and the estimate
x̂1. And the figure in the middle shows the difference between the state x1 and
the estimate x̂1, and the figure at the bottom shows the SOC of the battery.
The state error shows that when the S.O.C state is 25 [%] or higher, the error is
maintained within 0.1 [V ], and the error increases as the S.O.C state becomes
25 [%] or less. This is considered to be the cause of the increase in the nonlinear
characteristics of the battery model as the S.O.C state becomes below a certain
point.
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Figure 2. 0.125C rate Discharge.

Figure 3. 0.25C rate Discharge.

The upper part of Fig. 3 shows the observer state variable x1 and the estimate
x̂1. And the figure in the middle shows the difference between the state x1 and
the estimate x̂1, and the figure at the bottom shows the SOC of the battery.
The state error shows that when the S.O.C state is 25 [%] or higher, the error is
maintained within 0.2 [V ], and the error increases as the S.O.C state becomes
25 [%] or less. This shows the same trend as the result of Fig. 2.

4. RESULTS

In this paper, we proposed the design method for estimating the SOC of bat-
teries with strong nonlinear characteristics. The estimator designed to estimate
the battery open voltage first and then estimate the SOC of the battery using
an estimation algorithm based on the state value.
The state estimator designed to convert the system model in the continuous
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time domain into a discrete time system. The designed estimator is robust to
noise and has the advantage of improving the accuracy of estimation by actively
reflecting the error of the battery model that is a nonlinear system.
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