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(57) Abstract: A circuit (104) for determining device under test (DUT) model
parameters (114) is described. The circuit (104) includes a parameter estima-
tor circuit (110) configured to: obtain initial values for DUT model parameters
(114) based on sense signal samples; execute a parameter convergence model
(116) having a regularization parameter and a cost function that accounts for
error residuals; and obtain final values for the DUT model parameters (114)
by adjusting the regularization parameter in iterations of the parameter conver-
gence model (116) as a function of cost function improvement until the para-
meter convergence model (116) converges to within a target tolerance.
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MEASUREMENT CIRCUIT HAVING FREQUENCY DOMAIN ESTIMATION OF DEVICE
UNDER TEST (DUT) MODEL PARAMETERS

BACKGROUND

{8001} Asnew electronic devices are developed and integrated circuit (1C) technology advances,
new IC products are commercialized. One example IC product for electronic devices 13 a
microcontroller or measurement circuit configured to obtain measurements of a device under test
{DUT), analyze the measurerents to determine at least ove paraweter, and provide the patameter
or related control signals for DUT management operations.

10002] Many electronic systers include a battery unit and a related monitoring circuit. In such
systems, the battery unit is an example of a DUT and the monitoring circuit includes a
microcontroller or measurement circuit configured to obtain voltage and current measurements
related to each battery unit. The voltage and current roeasurements may be used to determine a
parameter such as battery unit impedance. The determined battery unit impedance and/or other
parameters are used for battery management operations. Example batiery managemeunt operations
include battery unit charging operations, battery unit status management, and battery unit health
monitoring,

{8063] In some systems, DUT management involves estimating DUT model parameters in the
frequency domain, where the DUT model parameters are based on an equivalent circuit model for
the DUT. However, estimating DUT model parameters for varving conditions {e g, &ifferent ICs,
temperatures, current flow, and/or DUT age) is problematic. An existing technigue relies on a non-
finear least squares algorithm fo estimate DUT model parameters in the frequency domain.
Convergence of DUT model parameters using the non-linear least squares algorithm is time-
consuming and/or the results are naccurate for different conditions.

SUMMARY

[0004] In one example embodiment, a circuit for estimating device under test (DUT) model
parameters is described. The circuit comprises a parameter estimator circuit configured to: obtain

initial values for DUT model parameters based on sense signal samples; execute a parameter

convergence model having a regularization parameter and a cost function that accounts for error
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residuals; and obtain final values for the DUT model parameters by adjusting the regularization
parameter in iterations of the parameter convergence model as a function of cost function
improvement until the parameter convergence model converges to within a target tolerance.

[0005] In another example embodiment, a system comprises sense circuitry adapted to be coupled
to a device under test (DUT) and configured to obtain sense signal samples related to the DUT in
response to an excitation signal. The system also comprises a measurement circuit coupled to the
sense circuity. The measurement circuit is configured to: obtain initial values for DUT model
parameters based on the obtained sense signal samples; execute a parameter convergence model
having a regularization parameter and a cost function that accounts for error residuals; and obtain
final values for the DUT model parameters by adjusting the regularization parameter in iterations of
the parameter convergence model as a function of cost function improvement until the parameter
convergence model converges to within a target tolerance.

[0006] In yet another example embodiment, a method for DUT management is described. The
method comprises: obtaining, by a measurement circuit, sense signal samples related to the DUT;
obtaining, by the measurement circuit, initial values for DUT model parameters as a function of
frequency based on the obtained sense signal samples; executing, by the measurement circuit, a
parameter convergence model having a regularization parameter and a cost function that accounts
for error residuals; obtaining, by the measurement circuit, final values for the DUT model parameters
by adjusting the regularization parameter in iterations of the parameter convergence model as a
function of cost function improvement until the parameter convergence model converges to within
a target tolerance; and using the DUT model parameters to perform DUT management operations.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1is ablock diagram of a system in accordance with an example embodiment.

[0008] FIG. 2 is a diagram of battery unit impedance as a function of frequency in accordance
with an example embodiment.

[0009] FIG. 3A is a diagram of a battery unit impedance model as a function of frequency in
accordance with an example embodiment.

[0010] FIG. 3B is a diagram of another battery unit impedance model as a function of frequency
in accordance with an example embodiment.

[0011] FIG. 4A is a graph of imaginary versus real impedance of a battery unit for different state

of charge (SOC) values in accordance with an example embodiment.
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[0012] FIG. 4B is a graph of imaginary versus real impedance of a battery unit for different state
of health (SOH) values in accordance with an example embodiment.

[0013] FIG. 5 isablock diagram of a non-linear least squares algorithm to determine device under
test (DUT) model parameters in accordance with a conventional technique.

[0014] FIG. 6is a graph of mode time constant as a function of degree of discharge of a battery
unit in accordance with an example embodiment.

[0015] FIG. 7 is a graph of resistor-capacitor (RC) time constants as a function of state of charge
of a battery unit in accordance with an example embodiment.

[0016] FIG. 8 is a graph of normalized absolute error as a function of normalized frequency
domain standard deviation for DUT model parameters in accordance with a conventional technique.
[0017] FIG. 9 is a graph of normalized absolute error as a function of normalized frequency
domain standard deviation for DUT model parameters in accordance with an example embodiment.
[0018] FIG. 10 is a graph of normalized absolute error as a function of frequency for a
conventional DUT model parameter estimation technique and a new DUT model parameter
estimation technique in accordance with an example embodiment.

[0019] FIG. 11 is a flowchart of a DUT management method in accordance with an example
embodiment.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0020] The same reference numbers (or other reference designators) are used in the drawings to
designate the same or similar (structurally and/or functionally) features. FIG. 1 is a block diagram
of a system 100 in accordance with an example embodiment. The system 100 represents an electric
vehicle, a desktop computer, a laptop computer, a smartphone, or other electrical system. As shown,
the system 100 includes a device under test (DUT) 122 coupled to a DUT management circuit 102.
The DUT management circuit 102 includes a control circuit 106 and a parameter estimator circuit
110. In some example embodiments, the control circuit 106 includes an excitation signal generator
108 configured to generate an excitation control signal. The excitation signal generator 108 provides
the excitation control signal to a driver circuit 130, which is configured to generate an excitation
signal based on the excitation control signal and a time reference from a reference clock 120. In some
example embodiments, the driver circuit 130 and/or another excitation signal source is external to
the DUT management circuit 102. In either case, the excitation signal generated by the driver circuit

130 is provided to the DUT 122 and results in sense signals from the DUT 122. The sense signals
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from the DUT 122 are input to sense circuitry 140 coupled to the DUT 122. The sense circuitry 140
samples the sense signals using analog components 142 (e.g., sense resistors, amplifier circuity, filter
circuitry, anti-aliasing circuitry, etc.) and analog-to-digital converters (ADCs) 144. The sense signal
samples resulting from the operations of the sense circuitry 140 are provided from the sense circuitry
140 to a sense signal input 150 of the measurement circuit 104. The sense signal samples are used,
for example, by the parameter estimator circuit 110.

[0021] In some example embodiments, the DUT management circuit 102 is an integrated circuit
(IC). In other example embodiments, the DUT management circuit 102 includes multiple ICs and/or
discrete components packaged together or mounted to a printed circuit board (PCB). In one example,
the measurement circuit 104 may be in a first IC, while the reference clock 120, driver circuit 130,
and sense circuitry 140 are in a second IC.

[0022] In different example embodiments, the parameter estimator circuit 110 may include a
processor, a coprocessor, a logic accelerator, or other logic unit configured to perform frequency
domain estimation of DUT model parameters. In some example embodiments, the parameter
estimator circuit 110 may also include memory (e.g., random-access memory, flash memory, or
other memory) with related instructions and/or storage for initial values, iteration results, and final
values of a parameter convergence model 116. The parameter convergence model 116 is a model or
algorithm that is iteratively executed by the measurement circuit 110 until DUT model parameters
converge. The parameter estimator circuit 110 may also include a frequency analyzer circuit 113. In
some example embodiments, the frequency analyzer circuit 113 is configured to: convert sense
signal samples, including voltage sense signal samples and current sense signal samples, to
frequency domain values; and represent the frequency domain values as complex values. In some
example embodiments, the frequency analyzer circuit 113 performs discrete Fourier transform
(DFT) operations from which the frequency domain values and related complex values are obtained.
The frequency analyzer circuit 113 is configured to provide the complex values to the parameter
convergence model 116. The measurement circuit 104 may also include a user interface and/or
communication interface (not shown) to facilitate the measurement circuit 104 obtaining
instructions, a predetermined characterization of the DUT 122, and/or other information.

[0023] In the example of FIG. 1, the parameter estimator circuit 110 obtains (e.g., stores in
memory) a measurement-based parameter 112 derived based on the sense signal samples input to

the sense signal input 150. In some example embodiments, the measurement-based parameter 112
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is the impedance of the DUT 122 as a function of frequency. Without limitation, the impedance of
the DUT 122 as a function of frequency is determined by the measurement circuit 104 from sense
signal samples (e.g., samples of the voltage across the DUT 122 and samples of the current through
the DUT 122) resulting from application of the excitation signal to the DUT 122. In the example of
FIG. 1, the parameter estimator circuit 110 also includes DUT model parameters 114. In some
example embodiments, initial values of the DUT model parameters 114 are obtained by the
parameter estimator circuit 110 based on the measurement-based parameter 112 and a predetermined
characterization of the DUT 122. In some example embodiments, the DUT model parameters 114
include: a series resistance, a series capacitance, a series inductance, mode capacitors, mode
resistors, and mode time constants. The mode time constants may vary to account for varying
conditions of the DUT such as degree of discharge, temperature condition, and age.

[0024] In some example embodiments, the measurement circuit 104 uses the parameter estimator
circuit 110 to perform frequency domain of DUT model parameters. Example operations of the
measurement circuit 104 (or the parameter estimator circuit 110) include: obtain sense signal
samples related to the DUT 122 (e.g., indicating voltage across the DUT 122 and/or current through
the DUT 122); obtain initial values for the DUT model parameters 114 based on the obtained sense
signals; perform error analysis using the parameter convergence model 116; iteratively adjust a
regularization parameter of the parameter convergence model 116 based on the error analysis; and
select final values of the DUT model parameters 114 when the parameter convergence model 116
converges to within a target tolerance. In some example embodiments, the measurement circuit 104
is configured to: run the parameter convergence model 116 for multiple initial DUT model
parameter settings based on a characterization of the DUT 122; and select final converged values for
the DUT model parameters 114 based on minimization of a total residual error metric.

[0025] In some example embodiments, the parameter estimator circuit 110 is configured to adjust
the regularization parameter in iterations of the parameter convergence model 116 as a function of a
ratio of cost function improvement to expected improvement. For example, the parameter estimator
circuit 110 may be configured to compare the ratio to a threshold. The regularization parameter is
then adjusted by the parameter estimator circuit 110 based on the comparison. If the ratio is greater
than the threshold, the parameter estimator circuit 110 is configured to select the regularization
parameter to be a maximum of a first value and a second value. Without limitation, the first value

may be fixed and the second value may be a function of the ratio. If the ratio is less than or equal to
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the threshold, the parameter estimator circuit 110 is configured to increase the regularization
parameter for a next iteration of the parameter convergence model 116 relative to its current value.
The final values for the DUT model parameters 114 may be provided by the parameter estimator
circuit 110 to an analyzer circuit 118, which is configured to direct or trigger DUT management
operations based on the DUT model parameters 114 and possibly other parameters.

[0026] Insome example embodiments, the analyzer circuit 118 is a processor, application-specific
integrated circuit (ASIC), or programmable logic. The analyzer circuit 118 may use the DUT model
parameters and possibly other parameters (e.g., temperature or other conditions) to trigger DUT-
related operations. Example DUT-related operations triggered by the analyzer circuit 118 (e.g., when
the DUT is a battery unit) include: adjusting battery unit charging operations (turn battery unit
charging on/off), updating a battery unit charge indicator status (e.g., 30%, 50%, 70%, 90%, etc.);
identifying a battery unit fault condition; and/or other battery management operations.

[0027] FIG. 2 is a diagram 200 of battery unit impedance as a function of frequency in accordance
with an example embodiment. In the diagram 200, imaginary impedance versus real impedance of a
battery unit are represented as a function of frequency. The diagram 200 also shows different battery
unit features (e.g., separator, electrodes, insulating layer, activation, diffusion, electronic conduction,
ionic conduction, and phase formation) related to the impedance variations. The plotted curve 202
in diagram 200 represents the impedance as a function of frequency for a particular battery unit.
When impedance as a function of frequency for a battery unit is modeled accurately (e.g., using an
equivalent circuit model and related values), the performance and timing of various battery
management operations is improved.

[0028] FIG. 3A is a diagram of a battery unit equivalent circuit 300 in accordance with an example
embodiment. As shown, the battery unit equivalent circuit 300 models a battery unit as various
components between a reference voltage (Vr) at the positive terminal of the battery unit and ground.
The battery unit model components including a series resistor (Rs), a first mode circuit (having Ri
and C1), a second mode circuit (having Rz and Cz2), a third mode circuit (having R3 and Cz), and an
open circuit voltage (Voc) in series between the Vr terminal and ground.

[0029] FIG. 3B is a diagram of another battery unit equivalent circuit 310 in accordance with an
example embodiment. As shown, the battery unit equivalent circuit 310 models a battery unit as
various components in series including: a series inductor (Ls); a series resistor (Rs); a first mode

circuit (having R1 and C1); a second mode circuit (having Rz and C»); a third mode circuit (having
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R3 and C3); a fourth mode circuit (having R4 and Cs); a fifth mode circuit (having Rs and Cs); and a
series capacitor (Cs) to represent Voc. Other battery unit equivalent circuits or models are possible.
For example, the number of mode circuits and the values of the model components may vary, which
affects the impedance at different frequencies.

[0030] FIG. 4A is a graph 400 of imaginary versus real impedance for different battery unit state
of charge (SOC) values in accordance with an example embodiment. In graph 400, imaginary and
real impedances for different battery unit SOC values are shown. The example battery unit SOC
values range from 100% to 5% for the modeled SOC (mod SOC) and the experimental SOC (exp
SOC). In some example embodiments, the battery unit SOC is accounted for when estimating DUT
model parameters as described herein.

[0031] FIG. 4B is a graph 410 of imaginary versus real impedance for different battery unit state
of health (SOH) values in accordance with an example embodiment. In graph 410, imaginary and
real impedances for different battery unit SOH values are shown. The example battery unit state of
health values are based on charge cycles, which range from 1 cycle to 315 cycles in the example of
FIG. 4B. In some example embodiments, the battery unit state of health is accounted for when
estimating DUT model parameters as described herein.

[0032] FIG. 5 is a block diagram of a non-linear least squares algorithm 500 to determine DUT
model parameters in accordance with a conventional technique. For the example of FIG. 5, f =
{RS, L,Cs, Ry, Ry, R3, -+, (1, Gy, G5, } Also, the transfer function model of the impedance as a

function of the Laplace domain variable s is given as:

Zry(s) =Rs +Ls+—+ + + + -
71 (S) s CeS | RyCyS+1 | RyCys+1 = RyCas+l ’

Equation (1)

where R, Ls, Cs, Ri1, R2, R3, C1, Ca, Cs are example DUT model parameters (see e.g., the DUT model
of FIG. 3B). Z,,(f,) is the measured impedance spectrum, where the variable f» denotes the
measurement frequency for the n™ element of the transfer function. Also, the residual r[n, 8], which

is a function of n and f3, is given as:

rin Bl = Zin(fu) — Zru(fu. B), Equation (2)
denotes the difference between the model and the measurement. Also, r can be written as a vector:
r=[r[1,B] - r[N,BII", Equation (3)

where N is the number of samples in the measurements.

[0033] With the non-linear least squares algorithm 500, an initial value for a set of DUT model
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parameters (B) is provided to block 502, which linearizes a cost function around current parameters
as represented by equations 504. At block 506, the approximate model is solved as represented by
equations 508. At block 510, the DUT model parameters are updated from the approximate model
solution as represented by equation 512. At block 514, a test for convergence is performed as
represented by equation 516. The operations of blocks 502, 506, 510, 514 are repeated until the final
estimate for [ is within a target tolerance.

[0034] The accuracy of the non-linear least squares algorithm 500 and/or the speed of convergence
may suffer depending on the initial value for B and variable conditions for a DUT (e.g., the DUT 122
in FIG. 1). For example, the non-linear least squares algorithm 500 converges rapidly only when the
parameter vector (e.g., £) is close to a local optimum. Far from a local optimum, a steepest descent
technique (e.g., AB = aJTr®)) would reduce the error criterion faster.

[0035] In the described embodiments, the initial values of the DUT model parameters account for
variable conditions of a DUT, including degree of discharge, temperature, and age. FIG. 6 is a graph
600 of mode time constant (in seconds) as a function of degree of discharge (in decimal fractions)
of a battery unit in accordance with an example embodiment. Depending on the degree of discharge,
the resulting mode time constants vary over two order of magnitude. Referring again to the non-
linear least squares algorithm 500, some DUT model parameters (e.g., mode circuit values) do not
converge correctly when degree of discharge and temperature are not taken into account.

[0036] FIG. 7 is a graph 700 of resistor-capacitor (RC) time constants (in seconds) as a function
of state of charge (in %) of a battery unit in accordance with an example embodiment. In graph 700,
RC constants (74, T,, T3) vary as a function of state of charge and different initial conditions. The
initial values of the DUT model parameters may be based on a predetermined characterization of the
DUT.

[0037] In some example embodiments, the predetermined characterization of the DUT includes
initial values for DUT model parameters based on impedance spectrum measurements (e.g.,

determined from the obtained sense signals or related samples). In one example, the initial values

include:
Comie = Max C;(SOC,T), Equation (4)
Rsinic = Re(Zm(fmax))a Equation (5)
Rpinit = (Rmin — Rmax)/N, Equation (6)
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Y

Tmin = 2 — Equation (7)
Tmax = yf; withy = 2, Equation (8)
(Eln i ) Equation (9
Tp,init = KTmine M ( mln) p = 1) ”')M; and q ( )
Cpinit = Tp/Rp,inib Equation (10)

For Equation 4, C ;,;; 1s the initial value of Cj, max C, 1s a maximum value for C, SOC is the state

of charge, and T is temperature. For Equation 5, Rg ;,;; 1s the initial value of Rg, Re() is the real part
of the argument, and Z,,, (fin4x) 18 the measured impedance for a maximum frequency. For Equation
6, Ry init is the initial value of R,, is resistance value of the p” mode, R, is the minimum possible
resistance value, and R,,,,, 1 the maximum possible resistance value. For Equation 7, T,y 18 the
minimum mode time constant, and y is a scale factor applied to the system frequency range. For
Equation 8, 7,,,, 1s the maximum mode time constant, and f,;,, i a minimum frequency. For
Equation 9, 7, in;; 1s the initial value of 7, k is a parameter used to select the initial starting
condition, p is the mode number, and M is the total number of modes. For Equation 10, Cy, ;;; 1s the
initial value of C,,. In some example embodiments, k enables mode time constant variance to account
for different degree of discharge (DOD), temperature, and age conditions.

[0038] FIG. 8 is a graph 800 of normalized absolute error as a function of normalized frequency
domain standard deviation for DUT model parameters in accordance with a conventional technique
(e.g., the non-linear least squares technique in FIG. 5). In graph 800, the DUT model parameters
include: Rs; Lp; Ri; Rz; R3; Ci; Cz; and Cs. Due to convergence to a false local minimum there is a
large error increase 802 in the DUT model parameters.

[0039] FIG. 9 is a graph 900 of normalized absolute error as a function of normalized frequency
domain standard deviation (i.e., the standard deviation of the noise added in the frequency domain)
for DUT model parameters in accordance with an example embodiment. In graph 900, the DUT
model parameters includes: Rs; Lp; Ri; Ro; R3; Ci; Cz; and Cs. With the parameter convergence
model described herein, false local minimums and related errors are avoided or reduced. Compared
to the conventional technique, the parameter convergence model described herein provides improved
accuracy (e.g., 100 times more accurate) and maintains estimation error linearity over the frequency
range of interest (e.g., nonlinear discontinuities due to signal-to-noise ratio (SNR) and convergence

to incorrect minima are avoided).
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[0040] In some example embodiments, a parameter convergence model (e.g., the parameter
convergence model 116 in FIG. 1) is given as:

JT] + ADAB = JTr®), Equation (11)
where ] is a Jacobian matrix (i.e., the gradient of the model with respect to the unknown parameters),
JT is the transpose of the Jacobian matrix, 4 is a regularization parameter, I is the identity matrix,
AP is the change in B, and ¥ is the residual for the & iteration of the model. With the parameter
convergence model, the regularization parameter is adjustable. At the beginning of optimization,
large values are used for the regularization parameter and the parameter convergence model behaves
like a steepest descent algorithm. As fit quality improves, the regularization parameter is reduced to
expedite convergence near the local optimum. Use large values at beginning of optimization to get
behavior like steepest descent. As fit quality improves, reduce it to get fast convergence of near the
local optimum.

[0041] In some example embodiments, a parameter convergence model (e.g., the parameter
convergence model 116 in FIG. 1) uses a ratio of cost function improvement to expected
improvement to update the regularization parameter. For example, the ratio may be given as:

2 (r(k))_gz (r(k+1))
T ABT(A®AB+TY)

where £2(r®)) — £2(r®+1) is the cost ratio improvement and AT (A®AB + JTr) is the expected

Equation (12)

improvement for the linearized model. In some example embodiments, p is compared to an
acceptance threshold €. If p > €, the regularization parameter is selected to be a maximum of a first
value and a second value. The first value may be fixed while the second value is a function of the

ratio. In some example embodiments, if p > €, A**D = 1% max[1/3,1 — (2p — 1)3]. If the ratio

is less than or equal to the threshold, the regularization parameter is increased for a next iteration of
the parameter convergence model relative to its current value. In some example embodiments, if p <
e, A% = 2209 With the parameter convergence model, faster convergence to more accurate
parameter estimates is achieved relative to the non-linear least squares technique.

[0042] As shown in graph 700 of FIG. 7, a parameter convergence model (e.g., the parameter
convergent model 116 in FIG. 1) is computed by a parameter estimator circuit (e.g., the parameter
estimator circuit 110 in FIG. 1) for multiple values of the initial conditions. These different choices
of the initial condition are parameterized by values of k, as shown in Equation 9. For each starting

point, the parameter convergence model will converge to a final value of the DUT model parameters.

10
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The DUT model parameters are a function of k, and are denoted by the vector S(k). A parameter
estimator circuit (e.g., the parameter estimator circuit 110) circuit is configured to determine the best
set of converged parameter estimates by comparison of the residual errors. In some example
embodiments, the total residual error metric for an individual set of initial conditions is a function of
K, and is given by:

2 (7”» .B(K)) = Y8=17%[a, B()]. Equation (13)
The final set of converged parameter estimates is associated by a parameter estimator circuit (e.g.,
the parameter estimator circuit 110 in FIG. 1) with the smallest total residual error metric, and is
denoted as:

Bfina = arg lrgrg{r)l 22(r, B(x)). Equation (14)
The parameters contained in the vector By, are provided by the parameter estimator circuit to an
analyzer circuit (e.g., the analyzer circuit 118 in FIG. 1) for use in subsequent DUT management
operations performed or triggered by the analyzer circuit 118.
[0043] FIG. 10 is a graph 1000 of normalized absolute error as a function of frequency for a
conventional DUT model parameter estimation technique and a new DUT model parameter
estimation technique in accordance with an example embodiment. In graph 1000, the parameter
convergence model provides greater than 30x improvement in impedance accuracy at high frequency
and 5x improvement in impedance accuracy at low frequency compared to the conventional
technique. For a DUT model with additional mode circuits, impedance accuracy at low frequency
improves.
[0044] FIG. 11 is a flowchart of a DUT management method 1100 in accordance with an example
embodiment. The method 1100 is performed, for example, by a measurement circuit (e.g., the
measurement circuit 104 in FIG. 1) or DUT management circuit (e.g., the DUT management circuit
102 in FIG. 1). At block 1102, sense signal samples related to the DUT are obtained. At block 1104,
initial values for DUT model parameters are obtained based at least on the obtained sense signal
samples. At block 1106, a parameter convergence model having a regularization parameter and a
cost function that accounts for error residuals is executed. At block 1108, final values for the DUT
model parameters are obtained by adjusting the regularization parameter in iterations of the
parameter convergence model as a function of cost function improvement until the parameter
convergence model converges to within a target tolerance. At block 1110, the final values for the

DUT model parameters are used to perform DUT management operations.
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[0045] In some example embodiments, the method 1100 includes: determining a ratio of cost
function improvement to expected improvement; and comparing the ratio to a threshold. If the ratio
is greater than the threshold, the regularization parameter for a next iteration of the parameter
convergence model is selected to be a maximum of a first value and a second value. If the ratio is
less than or equal to the threshold, the value of the regularization parameter for a next iteration of
the parameter convergence model is increased relative to its current value. In some examples, the
first value is fixed and the second value is a function of the ratio. Without limitation, the DUT model
parameters may include: a series resistance, a series capacitance, a series inductance, mode
capacitors, and mode resistors, and the method further comprises using initial values for the series
resistance, the series capacitance, the series inductance, the mode capacitors, the mode resistors, and
mode time constants based on a predetermined characterization of the DUT.

In some example embodiments, the mode time constants vary to account for degree of discharge,
temperature, and age of the DUT. In some example embodiments, the method 1100 includes running
the parameter convergence model for multiple initial DUT model parameter settings based on a
characterization of the DUT; and selecting final converged values for the DUT model parameters
based on minimization of a total residual error metric. Also, the method 1100 may include:
converting the obtained sense signal samples, including voltage sense signal samples and current
sense signal samples, to frequency domain values; representing the frequency domain values as
complex values; and using the complex values with the parameter convergence model. With the
method 1100, the accuracy and convergence speed of solving for DUT model parameters is
improved relative to conventional frequency domain estimation of DUT model parameters.

[0046] Some example embodiments include a measurement circuit for a DUT. The measurement
circuit is configured perform frequency domain estimation of DUT model parameters. In some
example embodiments, the measurement circuit is configured to: obtain sense signal samples related
to the DUT (e.g., voltage across the DUT and/or current through the DUT); obtain initial values for
the DUT model parameters based on the obtained sense signals; execute a parameter convergence
model having a regularization parameter and a cost function that accounts for error residuals; and
obtain final values for the DUT model parameters by adjusting the regularization parameter in
iterations of the parameter convergence model as a function of cost function improvement until the
parameter convergence model converges to within a target tolerance.

[0047] In some example embodiments, the regularization parameter is adjusted in iterations of the
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parameter convergence model as a function of a ratio of cost function improvement to expected
improvement. For example, the ratio may be compared to a threshold. If the ratio is greater than the
threshold, the regularization parameter is selected to be the maximum of a first value and a second
value. Without limitation, the first value may be fixed and the second value may be a function of the
ratio. If the ratio is less than or equal to the threshold, the regularization parameter is increased
relative to its current value for a next iteration of the parameter convergence model.

[0048] The final values for the DUT model parameters may be provided by a parameter estimator
circuit to an analyzer circuit configured to provide DUT management operations based on the DUT
model parameters and possibly other parameters (e.g., temperature or other conditions). In some
example embodiments, the DUT model parameters include: a series resistance, a series capacitance,
a series inductance, mode capacitors, mode resistors, and mode time constants. In such case, the
parameter estimator operations are based on initial values for the series resistance, the series
capacitance, the series inductance, the mode capacitors, the mode resistors, and mode time constants
obtained from a characterization of the DUT. The mode time constants vary to account for varying
conditions of the DUT such as DOD, temperature condition, and age.

[0049] In some example embodiments, the DUT is a battery unit and the DUT model parameters
are used to characterize battery unit impedance as a function of frequency. In different example
embodiments, a battery unit refers to a battery cell or multiple battery cells (e.g., battery cells coupled
in series and/or in parallel). The number of battery cells included in a battery unit may vary (e.g., 1
to 20 cells). As desired, a number of battery units may be connected in series to form a battery
module. Without limitation, a battery module may include from 10 to 40 battery units.

[0050] In some example embodiments, the battery unit impedance as a function of frequency as
well as related parameters (e.g., temperature, SOC, SOH, and/or other parameters) may be used to
provide the battery management operations. Example battery management operations include:
charging operations (e.g., turn battery charging on/off); degree of discharge operations (e.g., adjust
current flow to one or more loads); fault condition monitoring (e.g., disconnect or replace battery
cells or groups of battery cells), and/or other battery-related operations. As desired, battery
management operations are performed for a battery module, each battery unit of the battery module,
and/or each battery cell of each battery unit. Suitable measurement circuit ICs and related sense
circuity are used to perform sampling and parameter estimation operations as described herein for a

battery module, each battery unit, or each battery cell. With the described parameter convergence
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model, the accuracy and convergence speed of DUT model parameters is improved relative to a
conventional non-linear least squares algorithm, which improves the battery management
operations.

[0051] In this description, the term “couple” may cover connections, communications, or signal
paths that enable a functional relationship consistent with this description. For example, if device A
generates a signal to control device B to perform an action: (a)in a first example, device A is coupled
to device B by direct connection; or (b) in a second example, device A is coupled to device B through
intervening component C if intervening component C does not alter the functional relationship
between device A and device B, such that device B is controlled by device A via the control signal

generated by device A.

29 <C 29 <C

[0052] As used herein, the terms “electrode,” “node,” “interconnection, contact,” and

pin,
“connection” are used interchangeably. Unless specifically stated to the contrary, these terms are
generally used to mean an interconnection between or a terminus of a device element, a circuit
element, an integrated circuit, a device or other electronics or semiconductor component.

[0053] The example embodiments above may utilize switches in the form of n-type or p-type
metal-oxide semiconductor field-effect transistors (“NMOS” or “PMOS”) transistors. Other
example embodiments may utilize NPN bipolar junction transistors (BJTs), PNP BJTs, or any other
type of transistor. Hence, when referring to a current electrode, such electrode may be an emitter,
collector, source or drain. Also, the control electrode may be a base or a gate.

[0054] A device that is “configured to” perform a task or function may be configured (e.g.,
programmed and/or hardwired) at a time of manufacturing by a manufacturer to perform the function
and/or may be configurable (or re-configurable) by a user after manufacturing to perform the
function and/or other additional or alternative functions. The configuring may be through firmware
and/or software programming of the device, through a construction and/or layout of hardware
components and interconnections of the device, or a combination thereof.

[0055] A circuit or device that is described herein as including certain components may instead be
adapted to be coupled to those components to form the described circuitry or device. For example,
a structure described as including one or more semiconductor elements (such as transistors), one or
more passive elements (such as resistors, capacitors, and/or inductors), and/or one or more sources
(such as voltage and/or current sources) may instead include only the semiconductor elements within

a single physical device (e.g., a semiconductor die and/or integrated circuit (IC) package) and may
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be adapted to be coupled to at least some of the passive elements and/or the sources to form the
described structure either at a time of manufacture or after a time of manufacture, for example, by
an end-user and/or a third-party.

[0056] Circuits described herein are reconfigurable to include the replaced components to provide
functionality at least partially similar to functionality available prior to the component replacement.
Components shown as resistors, unless otherwise stated, are generally representative of any one or
more elements coupled in series and/or parallel to provide an amount of impedance represented by
the shown resistor. For example, a resistor or capacitor shown and described herein as a single
component may instead be multiple resistors or capacitors, respectively, coupled in parallel between
the same nodes. For example, a resistor or capacitor shown and described herein as a single
component may instead be multiple resistors or capacitors, respectively, coupled in series between
the same two nodes as the single resistor or capacitor.

[0057] Uses of the phrase “ground” in this description include a chassis ground, an Earth ground,
a floating ground, a virtual ground, a digital ground, a common ground, and/or any other form of
ground connection applicable to, or suitable for, the teachings of this description. Unless otherwise
stated, “about,” “approximately,” or “substantially” preceding a value means +/- 10 percent of the
stated value.

[0058] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A circuit for determining device under test (DUT) model parameters, the circuit comprising:
a parameter estimator circuit configured to:
obtain initial values for DUT model parameters based on sense signal samples;
execute a parameter convergence model having a regularization parameter and a cost
function that accounts for error residuals; and
obtain final values for the DUT model parameters by adjusting the regularization
parameter in iterations of the parameter convergence model as a function of
cost function improvement until the parameter convergence model converges
to within a target tolerance.
2. The circuit of claim 1, wherein the parameter estimator circuit is configured to adjust the
regularization parameter in iterations of the parameter convergence model as a function of a ratio of
cost function improvement to expected improvement.
3. The circuit of claim 2, wherein the parameter estimator circuit is configured to:
compare the ratio to a threshold; and
if the ratio is greater than the threshold, adjust the regularization parameter to be a maximum
of a first value and a second value.
4. The circuit of claim 3, wherein the first value is fixed and the second value is a function of the
ratio.
5. The circuit of claim 2, wherein the parameter estimator circuit is configured to:
compare the ratio to a threshold; and
if the ratio is less than or equal to the threshold, increase the regularization parameter relative
to its current value for a next iteration of the parameter convergence model.
6. The circuit of claim 1, further comprising a frequency analyzer circuit included with or coupled
to the parameter estimator circuit, the frequency analyzer circuit is configured to:
convert the sense signal samples, including voltage sense signal samples and current sense
signal samples, to frequency domain values; and
represent the frequency domain values as complex values, wherein the complex values are
used with the parameter convergence model.

7. The circuit of claim 1, wherein the parameter estimator circuit is configured to obtain initial values
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for DUT model parameters including a series resistance, a series capacitance, a series inductance,
mode capacitors, mode resistors and mode time constants, and the mode time constants vary to
account for degree of discharge, temperature, and age of the DUT.

8. The circuit of claim 1, wherein the parameter convergence model is run for multiple initial DUT
model parameter settings based on a characterization of the DUT, and final converged values for the
DUT model parameters are selected based on minimization of a total residual error metric.

9. The circuit of claim 1, further comprising:

an excitation signal generator configured to generate an excitation control signal;

a driver circuit coupled to the excitation signal generator and the DUT, the driver circuit is
configured to apply an excitation signal to the DUT based on the excitation control
signal; and

sense circuitry coupled to the sense signal input and the DUT, the sense circuitry is
configured to provide the sense signal samples in response to the excitation signal
being applied to the DUT.

10. A system comprising:

sense circuitry adapted to be coupled to a device under test (DUT) and configured to obtain

sense signal samples related to the DUT in response to an excitation signal; and

a measurement circuit coupled to the sense circuitry, the measurement circuit is configured

to:
obtain initial values for DUT model parameters based on the obtained sense signal
samples;
execute a parameter convergence model having a regularization parameter and a cost
function that accounts for error residuals; and
obtain final values for the DUT model parameters by adjusting the regularization
parameter in iterations of the parameter convergence model as a function of
cost function improvement until the parameter convergence model converges
to within a target tolerance.
11. The system of claim 10, wherein measurement circuit is configured to adjust the regularization
parameter in iterations of the parameter convergence model based on a ratio of cost function
improvement to expected improvement.

12. The system of claim 11, wherein the measurement circuit is configured to:
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compare the ratio to a threshold,

if the ratio is greater than the threshold, the regularization parameter is selected to be a
maximum of a first value and a second value; and

if the ratio is less than or equal to the threshold, the regularization parameter is increased
relative to its current value.
13. The system of claim 12, wherein the first value is fixed and the second value is a function of the
ratio.
14. The system of claim 10, wherein the measurement circuit is configured to:

convert the sense signal samples, including voltage sense signal samples and current sense
signal samples, to frequency domain values; and

represent the frequency domain values as complex values, wherein the complex values are
used with the parameter convergence model.
15. The system of claim 10, wherein the measurement circuit is configured to obtain initial values
for DUT model parameters including a series resistance, a series capacitance, a series inductance,
mode capacitors, mode resistors and mode time constants, and the mode time constants vary to
account for degree of discharge, temperature conditions and age of the DUT.
16. The system of claim 10, wherein the measurement circuit is configured to:

run the parameter convergence model for multiple initial DUT model parameter settings
based on a characterization of the DUT; and

select final converged values for the DUT model parameters based on minimization of a total
residual error metric.
17. A method for device under test (DUT) management, the method comprising:

obtaining, by a measurement circuit, sense signal samples related to the DUT,;

obtaining, by the measurement circuit, initial values for DUT model parameters based on the
obtained sense signal samples;

executing, by the measurement circuit, a parameter convergence model having a
regularization parameter and a cost function that accounts for error residuals;

obtaining, by the measurement circuit, final values for the DUT model parameters by
adjusting the regularization parameter in iterations of the parameter convergence model as a function
of cost function improvement until the parameter convergence model converges to within a target

tolerance; and
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using the DUT model parameters to perform DUT management operations.
18. The method of claim 17, wherein methods further comprises:

determining a ratio of cost function improvement to expected improvement;

comparing the ratio to a threshold,;

if the ratio is greater than the threshold, selecting the regularization parameter for a next
iteration of the parameter convergence model to be a maximum of a first value and a second value;
and

if the ratio is less than or equal to the threshold, increasing a value of the regularization
parameter for a next iteration of the parameter convergence model relative to its current value.
19. The method of claim 18, wherein the first value is fixed and the second value is a function of the
ratio.
20. The method of claim 17, wherein the method further comprises obtaining initial values of DUT
model parameters including a series resistance, a series capacitance, a series inductance, mode
capacitors, mode resistors and mode time constants, and the mode time constants vary to account for
degree of discharge, temperature, and age of the DUT.
21. The method of claim 20, wherein the method further comprises:

running the parameter convergence model for multiple initial DUT model parameter settings
based on a characterization of the DUT; and

selecting final converged values for the DUT model parameters based on minimization of a
total residual error metric.
22. The method of claim 17, further comprising:

converting the obtained sense signal samples, including voltage sense signal samples and
current sense signal samples, to frequency domain values;

representing the frequency domain values as complex values; and

using the complex values with the parameter convergence model.
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