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Optimum group control technology for on-board energy storage devices of EVs and
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A traction battery of Hybrid Electric Vehicles (HEVS) has a deterioration of
life. This study investigates Nickel-metal hydride (Ni-MH) batteries as an experimental battery sample
which is widely installed as traction energy storage in HEVs.

The major battery deterioration parameters which are both (1) battery SOC (State of charge) and (2)
battery temperature, are varied within the real world conditions and measure experimentally a battery AC
impedance response which is a kind of battery impedance represents the battery deterioration. The
investigation result shows that the battery state at each measurement is able to translate into the
standard battery state and in two types of Ni-MH batteries which are a super lattice structure and a
nominal AB5 one with a brand new battery.
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4.1 AC impedance response in durability cycles
Figure 1 shows the experimental battery AC
impedance measurement results of AB5 aloy
type, which is called Nyquist diagram. The AC
impedance measurement has done on a brand new
battery activated at first and then measured when
the durability cycles reaches to each check point
cycle of 100, 400, 700, 1000, 1300 and 1600
respectively. The experimenta battery AC
impedance measurement result shows the AB5
dloy type battery increases the rea part
impedance along with durability cycles.
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Fig. 1 Electrochemical impedance response in
durability cycles, AB5 type battery

Figure 2 shows the experimental battery AC
impedance measurement results from the super
lattice alloy type. The AC impedance
measurement has done on a brand new battery
activated at first and then measured when the
durability cycles reaches to each check point
cycle of 100, 400, 700, 1000, 1300 and 1600
respectively. Though the measurement results of
the super lattice alloy type battery almost plots on
the same area. FElectrochemical impedance
responses show in different plot figures between
ABS5 alloy type and super lattice alloy type in
progress of durability cycles.
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Fig. 2 Electrochemical impedance response in
durability cycles, SL type battery

The experimental results show that AC
impedance measurement method is capable of
being applied ABS alloy type battery to verify the
progress of battery deterioration. The super lattice
alloy type battery is necessary to another method
to verify the progress of battery deterioration.

4.2 Statistical analysis examination

The Mahalanobis distance analysis applies to
the AC impedance measurement response from
1000Hz to 01Hz to evaluate between the 800
points measurement results to the 34 points
measurement results. Fig. 3 shows Mahalanobis
distance analysis of the AC impedance
measurement response of the ABS type battery
shown in Fig.3. The standard space is defined in
the 800 points measurement results of
electrochemical impedance response of the ABS
type battery. The Mahalanobis distance shows the
statistical distance between the standard space
data group and the verification data group. Fig. 3
shows the 34 points measurement data connected



line traces the 800 points measurement data
connected line closely.
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Fig. 3 Mahalanobis distance, the standard feature

is 800 measurement points  of
electrochemical impedance response, AB5
type battery

Figure 4 shows the Mahalanobis distance
distribution of the ABS alloy type experimental
battery shown in Fig. 3. The bold distribution
line is the Mahalanobis distance from the standard
feature of 800 points measurement results of the
ABS5 type battery electrochemical impedance
response group to the verification group regressed
on itself, draws a center line. Fig. 4 shows easy to
verify that the distribution points which equal to
or under the bold distribution line are the standard
feature group in a zone range. The above solution
makes easy to verify the each distribution point
group which belongs to the standard feature group
or not without considering the Mahalanobis
distance. The Mahalanobis distance statistical
analysis verifies that the 34 points measurement
data can evaluate the battery AC impedance

response  without using the 800 points
measurement data.
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Fig. 4 Mahalanobis distance distribution from the
standard feature of 800 points measurement
results of the AB5 type battery
electrochemical impedance response group

4.3 Statistical analysis application

Figure 2 shows that the super lattice alloy
type battery Nyquist diagram plots overlapping on
the same area. The super lattice alloy type battery

is necessary to another method to verify the
progress of battery deterioration. The verification
method which the battery terminal voltage of
cycle mode experience is a subject of interest.
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Fig. 5 Experimental battery terminal voltage, SL
type battery

Figure. 5 shows the battery terminal voltage
of 100™ cycle mode experience. The verification
load is shown in Fig. 2 which repeats three times
to maintain the currently specified range from
60% SOC to 40% SOC.

The Mahalanobis distance analysis applies to
the Experimental battery terminal voltage. The
standard space is defined in the battery terminal
voltage of the 100™ cycle mode experience. Fig. 6
shows the Mahalanobis distance from the
standard feature group of the 100™ cycle mode
voltage. Fig. 6(a) shows the Mahalanobis distance
from the standard feature group to the verification
group regressed on itself. Fig. 6(b) shows the
Mahalanobis distance from the standard feature
group to the verification group of 1600™ cycle
mode voltage.
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Fig. 6 Mahalanobis distance from the standard

feature of 100™ cycle voltage, SL type
battery



Figure 7 shows the Mahalanobis distance
distribution of the super lattice alloy type
experimental battery shown in Fig. 6. In Fig. 7,
the center line which the Mahalanobis distance
from the standard feature group of the battery
terminal voltage of the 100™ cycle mode
experience to the verification group regressed on
itself. The distribution plot points show the
Mahalanobis distance from the standard feature
group to the verification group of the 1600™ cycle
mode voltage. The Mahalanobis distance
distribution of the verification group of the battery
terminal voltage of the 1600™ cycle mode
experience shows much distance from the
standard feature group. It is indeed that the actual
battery deterioration is in progress with the cycle
mode experience which can verify the
Mahalanobis distance distribution of the battery
terminal voltage information.
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Fig. 7 Mahalanobis distance distribution from the
standard feature of 100™ cycle voltage, SL
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