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Abstract— This paper presents a state-of-health indication 
(SOH-I) method based on the online measurement of the 
impedance phase. Experimental measurement on 18650-2600 Li-
Ion battery showed a relationship between the age increase of the 
battery and the increase of the frequency value at which the 
complex impedance phase is equal to zero. This relationship is 
utilized in this paper to present a preliminary method and 
controller to adjust the value of the initially assumed battery’s 
available capacity as a function of an impedance phase based 
SOH-I preliminary equation. This SOH-I can also be used as an 
indicator for the need to replace the battery. The presented 
method is evaluated based on preliminary experimental results 
measured from a preliminary proof-of-concept laboratory 
prototype.  
 

Index Terms — Battery, energy storage, battery management 
system (BMS), battery capacity, electrochemical impedance 
spectrum (EIS), state of health, DC-DC, power converter.  

 
 

I. INTRODUCTION  

The determination or estimation of State-Of-Health (SOH) 
of batteries is important for the performance, reliability, and 
safety of many related applications [1-5]. As a Li-Ion battery 
goes through more charge/discharge cycles, part of its capacity 
fades which makes the available capacity of the battery lower 
[6-18]. This is one of the factors, among others, that results in 
lower SOH for a Li-Ion battery.      

Integrating SOH estimation functionality as a part of a 
Battery Management System (BMS) is desirable.  This is in 
order to enable safe and efficient operation of the battery 
system and the application it is used with.  

Several SOH estimation methods have been presented in 
the literature [6-12]. Most of these methods have one of more 
of the following characteristics: they require the collection and 
analysis of large amount of historical data, they are too 
complicated or not suitable for online monitoring, and/or they 
require a relatively long time to respond to SOH change.  

The electrochemical impedance of the battery is an 
important parameter that can be used to evaluate the condition 
of a battery [13-15]. References [13-15] show how the online 
complex impedance or impedance spectrum of a battery can be 
obtained by controlling one or more power converters.    

This paper presents an SOH indication (SOH-I) method 
and controller which is based on the phase value of the complex 
impedance of Li-ion battery. Experimental measurement on 
18650-2600 Li-Ion battery showed a relationship between the 

age increase of the battery and the increase of the frequency 
value at which the complex impedance phase is equal to zero. 
This relationship is utilized in this paper to present a 
preliminary method and controller to adjust the value of the 
initially assumed battery’s available capacity as a function of 
an impedance phase based SOH-I preliminary equation. This 
SOH-I can also be used as an indicator for the need to replace 
the battery. The SOH-I equation presented in this paper is 
preliminary and future work includes but is not limited to 
developing better SOH-I equations that utilize the phase of the 
online electromechanical impedance.  

Section II of this paper discusses the principles of the 
proposed SOH indication method, and Section III presents 
some preliminary experimental results for evaluation. The 
conclusion is given in Section V.  

 

II. PRINCIPLE OF THE SOH INDICATION METHOD AND SYSTEM 

The frequency at which the complex impedance phase is 
zero increases as the li-ion battery health degrades. This is 
based on preliminary experimental measurements which part 
of it is presented in this paper (Fig. 1). Fig. 1 shows this trend 
based on experimental measurements for the phase of the 
impedance of a relatively new battery and the phase of the 
impedance of a less healthy battery (with larger capacity 
fading). This zero-phase behavior can be explored to develop 
new SOH indicators, estimators, and/or monitoring methods or 
improve the accuracy and speed of some of the exiting methods. 
In this paper, a preliminary relationship for an SOH indicator 
(SOH-I) algorithm is presented in order to illustrate the concept 
of impedance phase based SOH monitoring. Future work 
includes but is not limited to investigating and developing 
improved relationships/equations based on the same concept.      

The preliminary SOH-I, β, is defined as in Equation (1), 
where α is a correction factor which can be used to adjust the 
relationship between zero crossing frequency of battery 
impedance phase and SOH status, finitial is the frequency value 
at which the battery impedance phase becomes zero for a 100% 
healthy battery or for a reference battery before additional 
aging process starts, fz is the current/updated value of zero-
phase frequency which is measured as the battery becomes less 
healthy and/or with larger capacity fading, and n is a factor that 
is selected to describe more accurately any nonlinearity in the 
preliminary SOH-I equation for a given battery type. The range 
of SOH-I (β) is between 0 and 1 (or 0% and 100%). Smaller β 
value indicates a less healthy battery and vice versa.  
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The total available capacity of a battery can be adjusted or 
estimated based on the SOH indicator β as shown in Equation 
(2), where Qadjust_available is the capacity of battery after the 
adjustment, and Qnew_available is the capacity of the reference or 
new battery before the capacity starts to fade or the battery 
health starts to degrade.  By using the available capacity 
adjustment method of this paper, a more accurate available 
capacity value can be obtained. To verify the accuracy of SOH-
I method, sample batteries with different health conditions are 
discharged and their capacity values are calculated and 
recorded.  
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The SOC value of each sample battery is calculated based 
on Equation (3), where Ibatt is battery current and ∆ݐ is the time 
interval during which the battery current is equal to Ibatt.   

Fig. 2 illustrates the block diagram of the presented battery 
system with SOH monitoring for available capacity update 
controller using the zero-phase frequency concept. The DC-DC 
converter has two functions in this system: the first is to 

regulate the output voltage to a desired value, and the second is 
to perform online electrochemical impedance spectroscopy 
(EIS) measurement. The battery impedance spectrum can be 
measured based on the methods presented in [13-15]. For 
example, the impedance can be measured at odd and even 
harmonics of perturbation frequency by adding a pulse 
waveform perturbation to output voltage reference of DC-DC 
power converter. The diagram of the DC-DC converter system 
for the battery impedance spectrum measurement is illustrated 
in Fig. 3. 

 

 
Fig. 1. Battery impedance phase measurement results for two Li-Ion batteries 
with different SOH conditions.  
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Fig. 2. Block diagram of the presented system and controller for battery SOH indication. 
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Fig. 3. Diagram of the DC-DC converter connected with battery cell [20, 21]. 

 

III. PRELIMINARY EXPERIMENT RESULT   

In order to obtain a preliminary evaluation for the presented 
SOH indication concept, an experimental prototype is built in 
the laboratory. In this prototype, the battery is connected to the 
input of a DC-DC power converter as illustrated in Fig. 2 and 
Fig. 3. The battery used is Tenergy ICR 18650-2600. The main 
parameters of interest for the DC-DC boost power converter 
are: 120 µH inductor, 120 µF input and output capacitors, 100 
kHz switching frequency, and 8V output voltage.  The 
presented controller is realized using TI microcontroller 
TMS320F28335 [16].  

A relatively new battery (battery 1) and a less healthy 
battery (battery 2) are selected for the experiments. The results 
of the impedance phase measurements for these two batteries 
are shown in the Fig. 1. Table 1 shows a list for the zero-phase 
frequency values for the two batteries when the experiments 
were conducted. 

TABLE I. ZERO-PHASE FREQUENCY VALUES 

Battery Zero-phase frequency (Hz) 
Battery 1 800 
Battery 2 1000 

In this experiment, the value of α is set to one (α = 1). 
Based on the data collected from the battery under different 
SOH conditions, n = 2.5 is found to be suitable value that yields 
an SOH-I or β values with good accuracy. The α = 1 and n = 
2.5 values are used in Equation (1). The value of finitial in 
Equation (1) is set to 800 Hz based on the results shown in Fig. 
1 and Table I. Based on Equation (1), this yields β1= 1 for 
battery 1 and β2 = 0.5724 for battery 2.  

The value of Qnew_available is measured by using 2.3A 
discharging current to discharge battery 1 and found to be equal 

to 8437 Coulombs. Based on Equation (2), the estimated 
available capacity value for battery 2 is 4829 Coulombs.  

Two discharging experiments are run using the battery 
system as illustrated in Fig. 2, one with battery 1 and another 
for battery 2. The start of each experiment is with a fully 
charged battery and the discharging in each experiment is 
terminated when the terminal voltage of the battery reaches 2.8 
V as specified by the battery manufacturer.  

 

 

(a) 

 

(b) 

 

(c) 

Fig. 4. The SOC, used capacity and battery current values for battery 1 during 
discharging. 
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(a) 

 

(b) 

 

(c) 

Fig. 5. The SOC, used capacity and battery current values for battery 2 during 
discharging. 

Fig. 4 and Fig. 5 show the discharging results for battery 1 
and battery 2, respectively. Each figure shows the SOC, used 
capacity, and current values as a function of time of the battery 
during discharging. The SOH-I controller is activated after 5 
minutes of the start of the discharging operation (before this 
time SOH-I controller was not activated). Once the SOH-I 
controller is activated, the SOC of battery 2 is corrected taking 
into account its health condition. This resulted in reaching a 
zero SOC value for battery 2 approximately at the same time 

the terminal voltage of the battery becomes equal to 2.8V. This 
is because the available capacity of battery 2 was corrected 
based on its health condition by using the zero-phase frequency 
concept and controller of this paper. When the SOH-I 
controller is not used, the end of discharge voltage of 2.8V is 
reached much earlier than when the assumed SOC value 
reaches zero. From Fig. 5(b), the total discharged/used capacity 
is equal to 4798 Coulombs, which is close to the estimated 
value of 4829 Coulombs.  

The SOC value of battery 1 did not change after activating 
the SOH-I controller which is expected because it is the 
healthier reference battery with 100% SOH-I value.  From Fig. 
4, battery 1 reached a zero SOC value approximately the same 
time the terminal voltage of the battery becomes equal to 2.8V. 
From Fig. 4(b), the total discharged/used capacity is equal to 
8338 Coulombs, which is close to the estimated value of 8437 
Coulombs.        

IV. CONCLUSION 

This paper presents a state-of-health indication (SOH-I) 
method based on the online measurement of the impedance 
phase. Experimental measurement on a Li-Ion battery showed 
a relationship between the age increase of the battery and the 
increase of the frequency value at which the complex 
impedance phase is equal to zero. This relationship is utilized 
in this paper to present a preliminary method and controller to 
adjust the value of the initially assumed battery’s available 
capacity as a function of an impedance phase SOH-I 
preliminary equation. The preliminary results presented in this 
paper showed that the impedance zero-phase frequency based 
SOH-I concept has a potential for developing BMS systems 
that can account for the degradation of the batteries. When 
combined with online impedance measurement methods such 
as those presented in [13-15], the potential result is battery 
systems with fast, real-time, and online accounting for the SOH 
of the battery. Future work includes but is not limited to 
developing better SOH-I equations that utilize the phase of the 
online electromechanical impedance.  
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