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METHOD FOR DETERMINING A STATE
NOISE COVARIANCE MATRIX FOR
ADJUSTING AN OBSERVER OF THE STATE
OF CHARGE OF A BATTERY AND
CORRESPONDING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to French
Patent Application No. 1856606, filed on Jul. 17, 2018, the
content of which is incorporated herein by reference in its
entirety.

FIELD OF INVENTION

[0002] The present invention relates to monitoring the
operating state of batteries of electrical accumulators and, in
particular, to monitoring the operating state of batteries on
board an aircraft. More particularly, the invention relates to
monitoring the state-of-charge, referred to as the SOC, of a
battery of electrical accumulators.

BACKGROUND

[0003] Estimating the state-of-charge SOC is an essential
part of managing electrical energy storage systems.

[0004] At present, there are various methods for determin-
ing the state-of-charge of a battery. However, improvements
in the management of the electrical storage systems are still
required.

SUMMARY

[0005] One of these methods consists in using a state-of-
charge observer employing a Kalman filter in which the
error between the measured voltage of the battery and the
voltage estimated by the model is used to correct the states
of the model of the battery via correction gain. The gain
value is adjusted so as to regulate the dynamics of the
observer.

[0006] This filter, which is also referred to as an extended
Kalman filter (EKF) is based on a model describing the
behaviour of the battery in the form of state equations.
[0007] The internal states of the model, in particular the
state-of-charge SOC, are corrected so as to minimize the
difference between the estimated voltage as output of the
model and the voltage measured across the terminals of the
battery.

[0008] Convergence between the behaviours of the model
and of the battery is maintained thanks to a recursively
computed dynamic corrective gain.

[0009] A Kalman filter uses error covariance P, process
noise covariance Q and measurement noise covariance R
matrices which act on the dynamics of the system.

[0010] The state-of-charge observer requires the initial-
ization of the matrices P, R and Q.

[0011] The first matrix P calculates, upon each iteration,
the error found in each of the state variables. This matrix is
initialized on the basis of knowledge of the operating
conditions or on the basis of worst-case initialization, cor-
responding to an initial error in the estimate of the SOC of
100%, being taken into account. The second matrix R is
defined experimentally by quantifying the noise from the
sensor by sampling the voltage of the battery measured in a
rest phase.
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[0012] Identifying the third matrix Q is the most critical
task. This represents errors in the model and hence requires
good knowledge and understanding of the model used.
[0013] Since the states of the observed system are not
physically measurable, the matrix Q is defined empirically
in the prior art, or even defined intuitively which affects the
reliability of the methods of the prior art.

[0014] The object of the invention is therefore to over-
come the drawbacks of the prior art and to provide a method
for determining a process noise covariance matrix Q which
takes the operating conditions of the battery into account.
[0015] Therefore, according to a first aspect, one subject
of the invention is a method for determining a process noise
covariance matrix for tuning an observer of the state-of-
charge of a battery comprising a set of operating points.
[0016] This method includes:

[0017] a step of determining, for each operating point,
the value of the impedances of the electrical model of
the battery;

[0018] a step of calculating a difference in voltage
between the voltage obtained by the electrical model,
the impedances of which were determined upon
completion of the determining step, and the voltage
actually measured across the terminals of the battery;

[0019] a step of storing the values of said impedances
and of said voltage differences; and

[0020] a step of producing the covariance matrix com-
prising standard deviations obtained on the basis of the
voltage differences from the calculating step for various
operating points of the battery.

[0021] Thus, the determination errors are obtained for
each operating point of the set of operating points of the
battery. These errors are therefore not fixed but instead
depend on the operating conditions of the battery.

[0022] According to another feature, the values of the
impedances are determined from the voltage across the
terminals of the battery and from the current going through
the battery.

[0023] According to yet another feature, the values of the
impedances are determined using the method of least
squares.

[0024] For example, the impedances of the electrical
model of the battery comprise a resistance and an impedance
of the battery.

[0025] Advantageously, the values of said impedances are
stored according to the state-of-charge of the battery, the
current crossing the battery and the temperature of the
battery.

[0026] According to yet another feature of the method, the
voltage differences are stored for each state-of-charge.
[0027] The voltage differences are advantageously
obtained according to the temperature and the current cross-
ing the battery.

[0028] In one embodiment, the voltage differences are
obtained on the basis of a difference between a measured
value of the voltage across the terminals of the battery and
an estimated value of said voltage.

[0029] In one advantageous implementation, the observer
is an extended Kalman filter.

[0030] Another subject of the invention, according to
another aspect, is a device for determining the state-of-
charge of a battery of electrical accumulators, comprising an
observer of the state-of-charge of the battery, a memory in
which the value of the impedances of an electrical model of
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the battery are stored for each operating point of the battery,
means for calculating a difference in voltage between a
voltage obtained by the electrical model, the impedances of
which have been stored, and the voltage actually measured
across the terminals of the battery, and means for producing
the covariance matrix, said matrix comprising standard
deviations obtained on the basis of the voltage difference
calculated for various operating points of the battery.

DESCRIPTION OF THE DRAWINGS

[0031] Other objects, features and advantages of the
invention will become apparent on reading the following
description, which is given solely by way of nonlimiting
example and with reference to the appended drawings, in
which:

[0032] FIG. 1 illustrates an electrical model of a battery;
[0033] FIG. 2 illustrates the main steps of a method for
determining a process noise covariance matrix; and

[0034] FIG. 3 is a block diagram implementing the
method of FIG. 2.

DETAILED DESCRIPTION

[0035] With reference to FIG. 1, a battery, and in particular
a battery on board an aircraft, may be modelled in the form
of an electrical model comprising a voltage source OCV,
representing the open circuit voltage of the battery, a resis-
tance R, and an impedance Z,, describing the static behav-
iour and the dynamic behaviour of the battery, respectively.
[0036] The output voltage of the battery may be expressed
on the basis of the components of this electrical model and
the current of the battery.

[0037] Thus, the internal state variables of this model are
the state-of-charge SOC and the voltage V, across the
terminals of the impedance Z,. The noises on the states are
assumed to obey normal distributions. They are white,
Gaussian and centred.

[0038] Under these conditions, the process noise covari-
ance matrix Q, which represents the errors in the compo-
nents of the electrical model, is written as:

v 0 }

0 (Tsoc)*

[0039] where: (0V,)? and (Ogo)* denote the error vari-
ances in the estimate of the state V, and SOC quantities,
respectively.

[0040] The parameter O, characterizes the uncertainty
in the state-of-charge SOC. This parameter affects the speed
of convergence of the estimated state-of-charge on the actual
state-of-charge and the uncertainty in the estimate. Thus, for
example, when the parameter O, is large, convergence on
the actual SOC is fast at the cost of increased uncertainty.
[0041] Since determining the value of this parameter
relates to the final application rather than to the electrical
model of the battery, this parameter is determined empiri-
cally by the user.

[0042] It is thus assumed that the modelling errors occur
only in the identification of the parameter o,.

[0043] The method for determining the matrix Q thus
consists in producing a covariance matrix on the basis of the
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standard deviation of the errors between the measured
voltage and the predicted voltage for various operating
points of the battery.

[0044] The model of the battery is thus characterized by a
characterization matrix comprising m current regimes, n
temperatures and p tested state-of-charge values.

[0045] Thus, with reference to FIG. 2, in a first phase I, a
phase of testing the battery, allowing the values of compo-
nents R, and Z, for each operating point defined by the
current, temperature and state-of-charge values 1, T;, SOC,
to be obtained, is carried out. A test protocol is thus repeated
for each operating point.

[0046] On the basis of a voltage value Vm and current
value Im, values of the components R, and Z, are deter-
mined by identifying a transfer function using the method of
least squares (step 1) and the results obtained are saved in
matrices according to the state-of-charge SOC, the current
and the temperature.

[0047] Upon completion of this prior test phase, the com-
ponents of the electrical model of the battery are stored in a
map for all of the operating points, i.e. for all of the states
of charge SOC,_, =, at a given current I, and a given
temperature T, (step 2).

[0048] In parallel, the errors resulting from the identifica-
tion, called residual errors r(SOC,), which are found
between the measured voltage Vm and the voltage predicted
by the model V, ,, are saved for each SOC, tested (step 3).
[0049] Next, the method goes from the following phase 11
to actually producing the matrix Q.

[0050] As mentioned above, the state-of-charge SOC is
the state quantity to be observed. Its influence on the
parameters of the model is the smallest in relation to that of
the temperature and of the current. The dependence of the
errors on this state quantity can thus be negligible. Addi-
tionally, estimating the resistance R, is generally more
straightforward and more accurate than estimating the
impedance 7.

[0051] Consequently, it is assumed that the error found
between the measured output voltage and the predicted
voltage is mainly due to the voltage V.

[0052] The value of the parameter 0, is then determined
by calculating the standard deviation of the residuals ofr
(SOC, )] obtained between the measured voltage and the
predicted voltage (step 4). It is then tabulated in a matrix for
each operating point defined by a temperature value and a
current value (step 5).

[0053] A process noise covariance matrix Q that is depen-
dent on the operating conditions of the battery is thus
obtained.

[0054] The new matrix Q is written as:
CAZICAY §) S
- 0 (@s0c)*
[0055] where oV is expressed as a function of the current

1 and of the temperature T.

[0056] Thus, the method described above makes it pos-
sible to determine the matrix Q within the operational ranges
of the envisaged application, above all at extreme tempera-
ture (low temperature) and current (large current) limits.
[0057] Furthermore, the invention described above is
based on a particularly simple battery electrical model. This
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method is however not limited to such an electrical model
and could be adapted for more complex electrical models.
[0058] For example, when using an electrical model com-
prising an increased number of electrical modelling compo-
nents, the voltages across the terminals of these components
constitute components of the model which are added to the
basic model. Thus, in step 3 of phase 1 described above, the
residuals are calculated between the measured voltage and
the predicted voltage for each of the electrical modelling
components. The voltage error between the measurement
and the prediction is thus distributed over the various state
quantities.

[0059] Furthermore, the impedance 7, may in practice be
modelled in various forms, for example by a series of RC
circuits, using a resistor and a capacitor.

[0060] The type of model could also be changed, for
example an electrochemical model could be used, without
departing from the scope of the invention.

[0061] With reference to FIG. 3, the method described
above may be implemented by means of a device, shown
schematically, comprising a computer C incorporating an
observer 6 of the state-of-charge of the battery, in this
instance an extended Kalman filter, in combination with a
memory 7 storing values of at least one component of an
electrical model of the battery, in this instance resistance and
impedance values, obtained in a prior test phase, for each
operating point of the battery, and errors in determining
these components, the computer being suitably programmed
to calculate the standard deviation of said errors during the
use of the battery, according to the temperature and the
current, in order to produce the matrix Q for the Kalman
filter 6.

1. A method for determining a process noise covariance
matrix for tuning an observer of a state-of-charge of a
battery comprising a set of operating points, wherein the
method comprises:

a step of determining, for each operating point, a value of
impedances (R,, Z;) of an electrical model of the
battery;

a step of calculating a voltage difference (r(SOC,))
between a voltage obtained by the electrical model, the
impedances of which were determined upon comple-
tion of the determining step, and a voltage actually
measured across the terminals of the battery;
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a step of storing the values of said impedances and of said
voltage differences; and

a step of producing the covariance matrix (Q) comprising
standard deviations (o[r(SOC, ~ ,)]) obtained based
on the voltage differences from the calculating step for
various operating points of the battery.

2. The method of claim 1, wherein the values of the
impedances are determined from the voltage across the
terminals of the battery and from a current through the
battery.

3. The method of claim 2, wherein the values of the
impedances are determined using a method of least squares.

4. The method of claim 1, wherein the impedances of the
electrical model comprise a resistance (R,) and an imped-
ance (Z,) of the battery.

5. The method of claim 1, wherein the values of said
impedances are stored according to the state-of-charge of the
battery (SOC), a current (I) through the battery and a
temperature (T) of the battery.

6. The method of claim 1, wherein the voltage differences
are stored for each state-of-charge.

7. The method of claim 6, wherein the voltage differences
are obtained according to a temperature and a current
through the battery.

8. The method of claim 1, wherein the voltage differences
are obtained based on a difference between a measured value
Vm of the voltage across the terminals of the battery and an
estimated value V,_, of the voltage.

9. The method of claim 18, wherein the state-of-charge
observer is an extended Kalman filter.

10. A device for determining a state-of-charge of a battery,
comprising:

an observer of a state-of-charge e of the battery,

a memory in which the value of impedances of an
electrical model of the battery are stored for each
operating point of the battery,

means for calculating a difference in voltage between a
voltage obtained by an electrical model, the imped-
ances of which have been stored, and a voltage actually
measured across terminals of the battery, and

means for producing a covariance matrix (Q), said matrix
comprising standard deviations (o[r(SOC, )]
obtained based on the voltage difference calculated for
various operating points of the battery.
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