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Summary 

Stricter regulations concerning emissions from road traffic and increasing fuel prices has lead to an 

interest in hybrid electric vehicles (HEVs). Today even manufacturers of heavy duty vehicles are 

introducing hybrid alternatives. Batteries are expensive and a complex part in HEVs, and ways of 

determining a battery’s capacity is a current research topic. When a battery is used it ages, i.e. the 

capacity decreases and the impedance rises. Since battery cost is high, it is important to be able to 

determine battery ageing properly. The focus of this master thesis has been on impedance 

measurement methods for Li-ion batteries. The work has been carried out in cooperation with Scania 

CV AB.  

When a battery is aged, the impedance increases. Monitoring ageing mechanisms could enable 

increased lifetime of the batteries through optimized usage in for example heavy duty hybrid 

vehicles. In this work, Hybrid Pulse Power Characterization (HPPC) has been compared with 

Electrochemical Impedance Spectroscopy (EIS). A major difference between these methods is that 

HPPC uses pulses of high direct current, whereas a small alternating current perturbation is used in 

EIS. EIS give information about different mechanisms influencing the battery impedance, e.g. internal 

resistance and charge transfer resistance, but requires expensive and complex laboratory equipment. 

HPPC gives less detailed information about the impedance, but is more similar to field applications 

for a vehicle. 

A literature survey showed that much research is conducted on in-situ impedance measurements of 

batteries. One example is the long-term demonstration of an Impedance Measurement Box (IMB), 

which is currently carried out at Idaho National Laboratory. The method uses a sum-of-sines signal 

consisting of octave harmonics for a fast impedance measurement with good precision. The results 

showed a good correlation with laboratory EIS measurements. 

The experimental part of this project suggest that a linear correlation  exists between the discharge 

resistance from HPPC measurements and the sum of internal resistance and charge transfer 

resistance from EIS measurements. The linear fitting did not have very good R-squared value but a 

residual analysis showed that the residuals were randomly scattered around zero, indicating that a 

linear fitting is suitable. However, the precision of the results is too poor for the correlation to be 

useful in a real HEV application. Additional work to improve the linear fitting is recommended. 

Furthermore, it was showed that AC-components have to be used as a measurement signal in order 

to measure the complex impedance of a battery. A paired t-test was conducted in order to study if 

noise could be used as that signal for a battery under load. The impedance at 100 Hz was calculated, 

which corresponds to the second harmonic of the power grid. The difference between this 

impedance and the impedance measured at 100 Hz with EIS was statistically tested. For shorter times 

pans (in this case 20 milliseconds) after applying the DC pulse, using noise cannot be ruled out for 

measuring a battery’s impedance under load. But for longer time spans after applying the DC pulse 

(in this case 1.3 seconds), there was a significant difference between the two methods. 

Concentration gradients caused by mass transfer limitations could be causing this effect. 

  



Sammanfattning 

Hårdare lagstiftning gällande utsläpp från fordon samt dyrare fordonsbränsle har lett till ett stort 

intresse för elhybridfordon och idag introducerar även tillverkare av tunga fordon hybridalternativ. 

Batterier är en dyr och komplex komponent i ett elektriskt hybridfordon och när ett batteri används 

åldras det och dess förmåga att lagra energi minskar. Metodiken för att bestämma ett batteris 

kapacitet att lagra energi är ett aktuellt forskningstema.  Batteriet tendens att tappa kapacitet med 

tiden i kombination med det höga priset på batterier gör det vikigt att övervaka åldrandet på ett bra 

sätt. Det här examensarbetet har haft fokus på impedansmätningsmetoder för Li-jon batterier. 

Arbetet har genomförts i samarbete med Scania CV AB. 

När ett batteri åldras ökar dess impedans. Bättre övervakning av åldringsmekanismer hos batterier 

skulle kunna leda till en ökad livslängd hos batterier genom kännedom om hur de används på ett 

optimalt sätt i t.ex. tunga hybridfordon. De mätmetoder som undersökts är ett strömpulstest (HPPC) 

samt elektrokemiskt impedansspektroskopi (EIS). Anledningen till att man vill hitta en korrelation 

mellan dessa metoder är att EIS ger information om olika typer av motstånd i batterier, såsom inre 

resistans och motstånd mot laddningsöverföring, men kräver dyr och känslig laboratorieutrustning. 

HPPC ger ett mer trubbigt resultat men skulle enklare kunna implementeras på ett fordon. 

En litteraturstudie visade att mycket forskning bedrivs på in-situ mätningar av impedansen hos 

batterier. Ett exempel är en långtidsdemonstration av en snabb mätmetod för komplex impedans 

genomförs just nu på Idaho National Laboratory. Metoden bygger på att applicera en signal 

bestående av en summa av bestämda sinuskomponenter på batteriet. Den ger snabba mätningar 

med god precision och mätmetoden har visat bra korrelation med EIS. 

Den experimentella delen av examensarbetet resulterade i ett linjärt samband mellan motståndet 

hos en urladdningsströmpuls och summan av inre resistans och motstånd mot laddningsöverföring. 

Residualen mellan mätvärden och den linjära anpassningen var relativt stor, men en slumpvis 

spridning hos residualen tyder ändå på att den linjära anpassningen är den korrekta 

kurvanpassningen. Men korrelationens precision är för dålig för att kunna användas i en 

hybridfordonsapplikation. Vidare arbete för att förbättra kurvanpassningen rekommenderas.  

Det konstaterades även att växelströmskomponenter måste introduceras i mätsignalen för att kunna 

bestämma den komplexa impedansen hos ett batteri. Ett t-test utfördes för att utreda huruvida 

störningar kan utnyttjas för att mäta impedansen hos ett batteri. Impedansen beräknades för en 100 

Hz störning från elnätet under HPPC mätningarna och jämfördes med EIS resultat för 100 Hz. Det 

visade sig att ett samband inte kunde uteslutas för mätningar utförda kort tid efter att strömmen 

slagits på för HPPC-mätningen (i det här fallet efter två hundradelssekunder), medan för mätningar 

utförda en längre tid efter att strömmen varit påslagen (i det här fallet ca 1,3 sekunder) skilde sig 

metoderna signifikant åt. Koncentrationsgradienter orsakade av begränsningar i materietransport 

skulle kunna vara orsaka detta beteende.  
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Nomenclature 

AC Alternating current 

C Charge or discharge rate of battery equal to the capacity divided by one hour 

Cdl Capacitance of the electrochemical double layer 

DC Direct current 

EEC Electrical Equivalent Circuit 

EIS Electrochemical Impedance Spectroscopy 

FFT Fast Fourier Transform 

HEV Hybrid Electric Vehicle 

HPPC Hybrid Pulse Power Characterization 

L Inductance 

OCV Open Circuit Voltage 

Rct Charge transfer resistance 

Rs Internal resistance 

RUL Remaining Useful Life 

SEI Solid-Electrolyte Interface 

SOC State-of-charge 

SOH State-of-health 

Wo-P Parameter of a finite length Warburg impedance 

Wo-R Parameter of a finite length Warburg impedance 

Wo-T Parameter of a finite length Warburg impedance 
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1 Introduction 

The global production of commercial vehicles (light commercial vehicles, heavy trucks, coaches and 

buses) have had an increasing trend, which have resulted in increased greenhouse gas emissions 

from the road transportation sector. At the same time the oil prize is expected to increase. Those 

trends make more fuel efficient commercial vehicles attractive both in an environmental aspect and 

from a customer point of view 

From 1998 to 2007 the world production of commercial vehicles increased with roughly 25 %, from 

about 15 million vehicles/year in 1998 to about 20 million vehicles/year in 2007. During the financial 

crisis that started in 2008 the world production dipped, but found a quick recovery during 2010 and 

returned to about year 2007’s level [1]. The increasing number of vehicles leads to an increase in 

greenhouse gas emissions, and the CO2-emissions from road transport within the EU increased by 13 

% from 1997 to 2007 [2]. In Sweden during the same time period, increasing number of vehicles lead 

to an increase in greenhouse gas emissions with 14 % from road traffic, in spite of more efficient 

vehicles [3]. 

At the same time road traffic is increasing, the world production of crude oil is not expected to 

increase in the long term. The US Energy information Administration (EIA) predicts that the crude oil 

production will be rather constant to year 2030, but the price of crude oil is expected to increase 

from 80 to 120 USD/barrel (in 2010 dollars) during the same time period [4]. These are rather 

optimistic figures, predicting a plateau in the oil production rather than peak oil, but still it predicts 

that the oil price will increase with about 50 %. So more efficient ways of transporting goods is 

required both for environmental and economic reasons. 

One way to reduce the fuel demand of road-bound vehicles is hybridization, i.e. introducing a second 

energy converter in addition to the internal combustion engine [5]. Hybridization can improve the 

energy efficiency of the power train by giving the internal combustion engine a smoother run, 

enabling it to function at its most efficient point. In addition, breaking energy can be stored in a 

battery and used for the propulsion of the vehicle. [5] A hybrid electric vehicle (HEV) equipped with a 

battery pack has the benefits of lower fuel consumption and emissions, with little or no reduction in 

the vehicle driving range (the Achilles heel of pure electric vehicles). Private HEVs are also less 

expensive than pure battery electric vehicles since they require smaller battery packs – generally the 

most expensive part in an electric power train. [6] For heavy duty applications, pure electric vehicles 

are even harder to accomplish, considering the long driving range and the propulsion power needed. 

But the interest in heavy duty HEVs is growing, both because vehicle emission standards are 

continuously becoming stricter, and the opportunity to lower emissions locally by hybridization of 

public transport for better air quality in metropolitan areas [7]. The reduced fuel consumption 

without compromising driving range, and with less impact on the vehicle price than a pure electric 

vehicle, make battery HEVs a good compromise for heavy duty applications. 

Much effort has been put on the battery technology of HEVs. Lead-acid batteries were used in many 

HEV projects between 1970 and 1990, but the low cycle life prevents them for extended use in HEV 

applications other than stop-start micro HEVs. Cycle life refers to how many times a battery can be 

charged and discharged before its capacity or ability to deliver power has faded so much that it is 

considered to be at the end of its life. Lead-acid batteries can typically endure 50-500 charge and 
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discharge cycles. [6] Nickel-metal hydride (NiMH) batteries were first used in commercial applications 

with the Toyota Prius in 1997 [6]. The Prius’ battery packs have showed excellent life in real 

automotive applications. Currently, much attention is on Li-ion batteries because of their high power 

and energy density. At a battery cell level, they also have strong potential in lower cost than NiMH-

batteries. But on a battery pack level the cost of Li-ion and NiMH batteries is more even. The reason 

for this is the engineering challenges in thermal management and control systems for good durability 

and safety of Li-ion batteries. Li-ion batteries are sensitive for overcharging so it is important that the 

batteries remain in the operational voltage limit, especially considering the high load put on the 

batteries with large charge and discharge currents in HEVs. [6] In a HEV application, the battery must 

deliver more than 300 000 small discharge cycles (e.g. deliver much power under a short acceleration 

period) [8]. Thus, Li-ion battery HEVs require monitoring and balancing circuits on every battery cell. 

[6] But the opportunity of high power density combined with the fair energy density of Li-ion 

batteries make them interesting for heavy-duty applications, and in Sweden both Volvo and Scania 

are currently showing interest in Li-ion battery technology for heavy duty applications [7][9]. 

Monitoring battery performance on a vehicle is not a trivial task. A major issue is that there are no 

accepted standards to measure the ageing of the battery, the so called state of health (SOH) and the 

remaining useful life (RUL). Since batteries are expensive components in HEVs, a reliable method for 

measuring SOH and RUL is highly desirable. [10] A measurement of SOH is also essential for ensuring 

that the HEV battery can accept the breaking energy or deliver the power needed for propulsion. The 

remaining charge in a battery is normally measured as state of charge (SOC), a percentage of the 

battery charge compared to a fully charged battery. The crucial question here is “how much is 100 % 

?”. A battery can be compared to a fuel tank, the battery stores electrical energy just as the fuel tank 

stores chemical energy in the form of a liquid fuel. The complication with batteries is that their 

capacity of storing electrical fade as they are used, like a shrinking fuel tank 

An indication of ageing of a battery is increased impedance, with accompanying decrease in charge 

and discharge power capability. A battery’s impedance can be measured with electrochemical 

impedance spectroscopy (EIS). [11] EIS is method using a small AC-signal to measure the battery’s 

impedance, has gained interest for measuring SOH and RUL. Drawbacks of this method is that it is 

time-consuming (a typical measurement takes at least ten minutes) and that it requires expansive 

and delicate laboratory equipment. [10]. Another method for measuring a battery’s power capability 

is Hybrid Pulse Power Characterization (HPPC), in which the battery voltage is measured during short 

charge and discharge current pulses (pulses of less than 20 seconds). HPPC tests give information on 

the battery’s ability to accept and deliver high current pulses. [8]Although a complete HPPC test over 

the entire range of a battery’s SOC takes several hours, the current pulses resembles the real use of a 

battery in HEV application. But EIS measurements give a much more detailed description of the 

battery’s impedance than a HPPC measurement. 

The scope of this master thesis was to find a correlation between EIS and hybrid power 

characterization. The aim was to gain a deeper understanding of the battery’s behavior through 

correlating EIS and HPPC results, possibly leading to an improved monitoring system and better use 

of Li-ion batteries in heavy duty applications. 
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2 Theory 

The following sections will give a short description of the Li-ion battery technology, the impedance 

measurement techniques electrochemical impedance spectroscopy (EIS) and hybrid pulse power 

characterization (HPPC), and a summary of previous work on impedance on batteries in real life 

applications. 

2.1 Li-ion battery chemistry 

Li-ion batteries can rather be considered as a battery family than single battery chemistry. The Li-ion 

battery is a rather new technology. The first commercial Li-ion battery was manufactured by Sony 

and introduced on the market in 1991. Thus, the ultimate material configuration has probably not 

yet been found and there is not only one single Li-ion battery chemistry. The following paragraphs 

will give a short description of materials currently used in Li-ion batteries. A more thorough 

description about materials used in Li-ion batteries can be found in chapter 26.2 in Linden´s 

Handbook of Batteries. [6] 

The most widely used negative electrode for Li-ion batteries is the graphite intercalation electrode. In 

the intercalation process, Li ions are incorporated into the graphite structure, filling up the space 

between the graphite sheets. Thus, the graphite is more or less filled with Li-ions and during charge 

and discharge the electrode goes through different stages. A completely filled electrode has one Li-

ion per graphite ring, i.e. one Li atom per six carbon atoms. In the second stage there is one empty 

graphite layer between each layer filled with Li-ions, in the third stage there are two empty layers 

between each filled layer, and so on. [12]. See Figure 1. The phases can be identified as voltage 

plateaus on charge and discharge curve [13], [14]. Apart from the stages of the graphite electrode 

described above, also liquid-like and dilute sub-stages are included. Other negative electrode 

intercalation materials than graphite are Li4/3Ti5/4O4 and Sn-Co-C, and Si-based negative electrodes 

are also emerging. [6]  

The positive electrode can be made of metal oxides or metal phosphates. Examples of metal oxides 

used in Li-ion positive electrodes are LiCoO2, LiMn2O4 and mixtures of metal oxides such as 

Li(NiMnCo)O2 (NMC) and Li(NiCoAl)O2 (NCA). The most commonly used metal phosphate for the 

positive electrode is LiFePO4. The active electrode materials are adhered to a current collector by 

using a binder, e.g. polyvinylidene fluoride (PVDF) and a conductive material, such as carbon black, 

are often added for improved electron transport to the current collector. The current collector is 

normally an aluminum foil on the positive electrode and a copper foil on the negative electrode. The 

electrodes are normally separated by an organic electrolyte and a microporous polyethylene or 

polypropylene separator [6] 

This master thesis will be delimited to a single commercial high power cell. The battery consists of a 

graphite intercalation anode and a lithium metal oxide cathode. Table 3 in section 3 shows the 

specified chemistry for the battery. 
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Figure 1 Phases of the graphite intercalation electrode (redrawn from Linden’s handbook of batteries [6]). The phases can 
be identified on a charge and discharge voltage curve as voltage plateaus [9]. 

2.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a powerful tool in investigating reaction mechanisms of 

electrochemical reactions and material properties of electrochemical cells [15]. It has also been 

widely used for determining the state of charge (SOC) and state of health (SOH) of batteries [16]. In 

the following sections the concept of EIS and its use in determining SOC and SOH will be described 

2.2.1 Concept of EIS 

Electrochemical impedance spectroscopy is a method used to measure the complex impedance of an 

electrochemical cell. By applying a small AC excitation signal of different frequencies and with 

amplitude typically of about 5-10 mV, different components of the impedance can be identified. [6] 

Although the signal most often is a sinusoidal signal swept one frequency at a time, this is not a 

necessity. Any perturbation signal, also noise or periodical step signals can be used. [16] Since the 

excitation signal in EIS most often is an alternating current signal, the method is sometimes also 

referred to as AC-impedance. [6]  

The fundamental theory of EIS is the linear system theory [15] which enables simplifications and 

easier analysis of the measurement results. For the linear system theory to apply, the battery 

response must be linear, stable, casual, and the impedance must be finite [15]. This is the case for 

small overpotentials, i.e. overpotentials of less than about10 mV [17]. Linearity means that the linear 

combination of solutions to the differential equation also is a solution (the superposition principle) 

[18]. A stable systems means that after a removing a perturbation that has been applied, the system 

returns to the initial state. Causality means that the system does not produce a response before the 

perturbation is applied, i.e. the response is caused by the perturbation. The requirement that the 

impedance must be finite means that it cannot be infinitely large. [15] The linearity constraint is the 

reason why an excitation signal larger than about 10 mV cannot be used; the system is no longer 

linear when a larger excitation signal is applied. But as long as the excitation is small enough it does 

not matter if the signal is controlled by the current or the voltage, since the sought impedance is the 

transfer function between current and voltage. [16] A 10 mV excitation signal is often used since the 

battery remains in the linear region but it is still possible to acquire a detectable signal greater than 

thermal and electric noise. 

Carbon layer

Lithium layer

Graphite Stage 1 Stage 2 Stage 3
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Figure 2 Top:  The Randles circuit, often used to analyze EIS results. Rs is the internal resistance (subscript s from 

solution), Cdl is the capacitance of the electrochemical double layer, Rct is the charge transfer resistance, 

and Zw is the Warburg impedance (originated from mass transfer effects).  Redrawn from Digby [15]. 

 Bottom:  A typical Nyquist plot from an EIS measurement on a battery [17]. At high frequencies, the internal 

resistance Rs is dominating. As the frequency is lowered the impedance increases through the charge 

transfer resistance Rct and the double layer capacitance Cdl. At very low frequencies, the electrochemical 

double layer is fully charged so Cdl is not affecting the impedance, but mass transfer limitation is 

increasing both the real and the imaginary impedance represented by the Warburg slope. 

EIS results can be analyzed through design of a more understandable electric circuit that should 

reproduce the spectrum in an equivalent way. These electrical circuits are referred to as electrical 

equivalent circuit (EEC). Randles was early in using EECs, and developed the circuit shown in Figure 2 

(top) already in 1947 [15]. The different components in the Randles circuit represent different 

sources of impedance in a battery. Rs is the pure ohmic resistance originated from internal resistance 

(e.g. resistance in the electrolyte), Rct is the ohmic charge transfer resistance from the 

electrochemical reaction, Cdl is the capacitance of the electrochemical double layer, and Zw is the 

impedance from mass transfer resistance. Zw is called the Warburg impedance and can be derived 

from the generalized Butler-Volmer equation. It has no corresponding electrical circuit elements. 

[17]. In this work a finite length Warburg element with an open circuit terminus has been used. The 

impedance of this kind of Warburg element continues to increase at very low frequencies, i.e. mass 

transfer limitations prevent diffusion into the entire electrode material. Thus, the current approaches 

zero at very low frequencies. [19] The equation for the impedance of the finite length Warburg 

element with open circuit terminus is:  

    
            

      
 

R is the value the real part of the impedance approaches at very low frequencies, I is the current, T is 

the thickness of the diffusion layer divided by the diffusion coefficient, ω is the angular frequency, 

and P is a parameter affecting the slope between complex and real impedance, see the Warburg 

slope in Figure 2 (bottom) [19]. 
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The result from an EIS measurement is often depicted in a Nyquist plot, i.e. real impedance on the x-

axis and the negative imaginary impedance on the y-axis. A Nyquist plot of the Randles circuit is 

shown in Figure 2 (bottom) [15]. Different components of the equivalent circuit are dominating at 

different frequencies. At high frequencies the “capacitor” in the double layer (Cdl) is short circuited 

and the current switches from positive to negative so fast that no electrochemical reaction takes 

place, so the charge transfer resistance (Rct) is also zero. Thus the only impedance present is the real 

internal resistance (Rs). At lower frequencies the reactance of the double layer becomes more and 

more significant and some current starts flowing through the parallel circuit with the charge transfer 

resistance. At very low frequencies the double layer is fully charged and mass transfer starts 

dominating the impedance. This is represented by the Warburg impedance (Zw), with its 

characteristic slope of -45° angle in the Nyquist plot. [17] The frequencies that are considered as 

“high” and “low” are dependant of the battery design, but some typical values for the battery used in 

this master thesis are presented in Table 1. 

Table 1 Typical frequency ranges and corresponding type of battery impedance in said range. The frequencies that are 
considered as “high”, “medium” or “low” depend on the battery design, but this table shows typical frequencies for the 
battery used in this project. 

Frequency range Typical frequency Type of impedance 

High f > 50 Hz Rs 

Medium 50 > f > 5 Hz Rs + Rct + Cdl 

Low f < 5 Hz Rs + Rct + Zw 

 

Although the Nyquist plot is good in describing the different types of resistance in an electrochemical 

cell, its weakness is that it is hard to see how the impedance is dependent on the frequency. The 

frequency dependence of the impedance is normally illustrated in a Bode plot, a plot of the logarithm 

of the absolute value of the impedance versus the logarithm of the angular frequency.[17] 

2.2.2 EIS for determining SOC and SOH 

The use of EIS as a possible method for checking the state of charge (SOC) of batteries was suggested 

already in the beginning of the 1980’s [20] [21]. It was found that the change in impedance is greater 

than the change in open circuit voltage (OCV) with SOC [21]. In the end of the 1990’s, EIS had 

become an establish technique to measure both SOC and state of health (SOH) and the equivalent 

circuit in Figure 3 became widely accepted for batteries [16]. It is rather similar to the Randles circuit, 

but divided in one part for the positive electrode (left side), one part for the negative electrode (right 

side), and an internal resistance in between. Inductors are also included in the model to describe the 

inductance of the connecting cables. The cell impedance is the sum of the impedance at the positive 

electrode, the impedance at the negative electrode, and the internal resistance. [16]  
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Identifying the equivalent circuit components of a commercial cell can be complicated. To measure 

the impedance of a single electrode, EIS measurements on batteries can be carried out with a 

microelectrode of interest and a counter electrode of at least 100 times larger area. In that way the 

current density is much larger on the electrode of interest, thus ensuring that only the behavior of 

the microelectrode is detected. Commercial batteries are much more complex to analyze. Both 

electrodes have similar surface area, and the system is further complicated by e.g. the use of porous 

electrodes and separator materials and inductive effects from electrical contacts with poor contact. It 

is likely that one of the electrodes in the battery dominates the impedance, e.g. in Leclanché cells the 

zinc electrode is dominating the MnO2/C electrode. Also, at different SOCs different electrodes can 

be dominating the impedance [16]. Thus, every battery chemistry must be evaluated separately, and 

usually no parallels can be drawn between different types of batteries. [21] 

Although it is impossible to measure the separate contributions of the two electrodes in a 

commercial battery without an incorporated reference electrode [22], the Randles circuit shown in 

Figure 2 in section 2.2 is often used. But in that case, the different circuit elements show the 

combined characteristics of the two electrodes. It has been shown that the internal resistance and 

the charge transfer resistance increased with both decreasing SOC and SOH for lead acid batteries 

[23] [16]. It has also been showed that the impedance at the minima in the Nyquist plot also 

increases for NCA Li-ion batteries as they are again, i.e. increasing Rs and Rct with ageing [24]. This 

behavior has also been shown for NMC Li-ion batteries [25]. Thus, it is expected that the impedance 

increases both as SOH and SOC are decreasing. 

2.3 Hybrid Pulse Power Characterization (HPPC) 

In hybrid pulse power characterization (HPPC) discharge and charge current pulses are applied on the 

battery cell to be tested. It gives information about energy and power capabilities of the battery, but 

also the ohmic resistance as a function of state of charge. The method is often used to examine the 

ageing of a battery by measuring the resistance in the battery during cycling. [26]. In this work focus 

has been on measuring the ohmic resistance of a single battery cell since the goal was to find a 

correlation between EIS and HPPC. 

The HPPC testing procedure is normally to apply a test pulse at descending SOCs, i.e. starting at 100 

% SOC with a 10 % SOC interval down to 10 % SOC. [26]. Between the test pulses a rest period of half 

an hour hr [27] or one hour [26] is required for concentration and temperature gradients in the 

battery to even out. Many test organizations (e.g. ISO, EUCAR and USABC) all have their standardized 

test profiles [7]. In this project, Scania’s HPPC test has been used (shown in Figure 4 and Table 2). 

Figure 3 Equivalent circuit for a battery. Each pole consists of a Randles circuit with the internal resistance in between. 
Inductors are introduced to describe the inductance o f the connection cables. Redrawn from Huet [16] 

Rs 

Lp 

Rct,n Zw,p 

Cdl,p Cdl,n 

Zw,n 

Ln 

Rct,p 

+ 
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The charge and discharge resistance are calculated by dividing the overvoltage by the current at 

some time under the charge or discharge pulse. The overvoltage is calculated through subtracting 

the OCV from the battery voltage. The resistance increases during the current step since it is not a 

stationary process. This is the reason for reporting the resistance at different times after applying the 

charge or discharge pulse. The OCV will not be constant during the current pulse either. This is 

because the OCV is a function of SOC, and since large currents normally are used the SOC will change 

significantly during the pulse. In the Scania HPPC test, this is compensated by calculating the increase 

in OCV during the current pulse. The OCV is measured before applying the pulse and after 120 

seconds of rest after the pulse, and OCV(t) at time t of the pulse can estimated through interpolation 

between these two values. [27] 

 
Figure 4 Scania’s HPPC-pulse, redrawn from Scania’s technical regulation [27]. 

 
Table 2  Scania’s HPPC-pulse, according to Scania’s technical regulation [27]. 

Time of step [s] Cumulative time [s] Current [A] 

0 0 0 

18 18 120 

120 138 0 

18 156 -120 

120 276 0 

10 286 25 

10 296 50 

10 306 25 

10 316 -25 

10 326 -50 

10 336 -25 

120 456 0 
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2.4 Correlations between EIS and other impedance measurement methods 

Equivalent circuits fitted to EIS measurement data would be useful for online diagnostics of batteries’ 

state of health. This is desirable for a better understanding of the ageing mechanisms on battery 

pack level. But since delicate laboratory equipment is required for EIS measurements, EIS is not 

relevant for online application. A correlation between EIS and other impedance and resistance 

measurement techniques has been sought after for a long time [10]. An in situ method for measuring 

SOC would make it easier to monitor the capacity fade of the battery and other effects of ageing, 

possibly providing important knowledge on how to use the battery most efficient. [10] 

Using background noise has often been suggested for measuring battery impedance [10]. One 

example was presented in the beginning of the 1990’s when it was shown that background noise 

could be used as excitation signal for EIS-like online measurements in telecommunication 

applications [28]. It was possible to generate similar data with this background noise as an EIS 

measurement for lead-acid battery strings used for back-up power. The background noise had spikes 

at different frequencies generated by the telecommunication switch and the telephone ringing 

excitation signal. The results showed that it was possible to use this background noise as 

measurement signal while the battery string was in use [28]. Drawbacks of using noise for impedance 

measurements are that a number of periods have to be sampled for good precision in the 

measurements and that it can be hard to repeat a measurement in the same conditions as previous 

measurements [10]. 

Another alternative to measuring a sinusoidal signal one frequency at a time is to apply white noise 

(a random electrical signal consisting of all frequencies) and analyze the battery response with 

Fourier transform [16]. The white noise can also be filtered to desired frequency range, resulting in a 

so called pink noise, to measure the impedance of a battery. By performing a series of measurements 

with pink noise, averaging the results, and analyzing them with Fast Fourier Transform (FFT) similar 

results as with EIS have been reported [29]. Further research resulted in the Impedance 

Measurement Box [30], [11], which is currently under long term testing at the Idaho National 

Laboratory [31]. The Impedance Measurement Box uses a sum-of-sines signal for a fast impedance 

measurement that e.g. could be used on board a hybrid vehicle. [31] Using a sum-of-sines signal 

instead of white noise has the advantage of a better signal to noise ratio and faster measurements 

[32].  

A good correlation between the increase in HPPC discharge resistance and the increase in the sum of 

internal resistance and charge transfer resistance (Rs + Rct) from EIS measurements has been 

reported for NCA-graphite Li-ion batteries [24]. During ageing of batteries, a linear correlation 

between both power fade and discharge resistance versus the sum of Rs and  Rct from EIS 

measurements has been shown [24], [33]. The R-squared value for the fitting of discharge resistance 

and EIS-resistance was reported to be greater than 0.98. The correlation between EIS and HPPC 

discharge resistance is shown in Figure 5.  Similar growth in Rs + Rct has also been reported for NMC 

cathodes [25], implying that a similar correlation could be found for more than one battery 

chemistry. However, all measurements were carried out at 60 % SOC so no information about 

possible correlation between HPPC and EIS for SOC was presented. 



10 

 

3 Experimental 

HPPC and EIS measurements were conducted on a prismatic Li-ion battery cell with NMC/graphite 

chemistry (VDA HEV-type of cell). The characteristics of the battery according to the specification are 

summarized in Table 3. Figure 6 shows the battery’s open circuit voltage as a function of state of 

charge. The cell was conditioned by five complete charged and discharge cycles prior to any 

measurements to make sure a good solid-electrolyte interface (SEI) was formed. The charge and 

discharge current was 2 A, i.e. 0.4 C, and the battery was charge and discharged to the full charge 

detection level and full discharge detection level as specified in Table 3.  

All EIS studies were carried out prior to any HPPC measurements, because the high current used in 

the HPPC-test might cause ageing of the cell. In the EIS measurements a maximum current of 2 A was 

used, compared to the 60 A pulses used in the HPPC-measurements. 

Table 3 General characteristics of the battery used in this report. 

Battery characteristics 

Nominal voltage 3.7 V 

Minimum voltage 3.0 V at 25° 

Maximum voltage 4.2 V 

Typical capacity 5 Ah at 1C discharge 

Full charge detection 4.1 V (CC+CV) 

Full discharge detection 2.5 V (5 A CC) 

Positive current collector Aluminum 

Negative current collector Copper 

Battery chemistry Lithium metal oxide-graphite 

 

 
Figure 5 Linear correlation between HPPC discharge resistance and the sum of internal resistance Rs and charge transfer 
Rct from EIS measurements of NCA-graphite Li-ion batteries [24]. When the battery is aged both the HPPC discharge 
resistance and the sum of Rs and Rct increase. 
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Figure 6 Open circuit voltage (OCV) at 25°C as a function of state of charge for the battery used in this work. 

 

3.1 Electrochemical impedance spectroscopy, EIS 

The following instruments were used for the EIS measurements: 

 Frequency response analyzer (SI1260 Impedance/Gain-phase Analyzer, Solartron analytical) 

 Potentiostat/galvanostat (SI 1287 electrochemical interface, Solartron analytical) 

 Climate chamber (BIA climatic) 

 Oscilloscope (190-204 ScopeMeter, Fluke) 

 PC 

The following software was used to program the instruments and collect and analyze data:  

 ZPlot® (Scribner Associates Inc.)  

 ZView™ (Scribner Associates Inc.) 

 CorrWare® (Scribner Associates Inc.)  

 

Data was collected between 9888 Hz and 0.1 Hz at 25 steps per decade in four measurement series. 

The data was analyzed with electrical equivalent circuits (EEC) fitted to the data using the software 

ZView™. Measurements were carried out at intervals of 10 % SOC or shorter, thus requiring charge or 

discharge segments between the measurements. The current used for charge and discharge was 2A, 

corresponding to 0.4 C. Electrochemical and thermal equilibrium was ensured prior to measurements 

through adding a rest period of 30 min after every charge or discharge segment.  
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The first series of experiments were conducted in ambient temperature (about 23°C). To verify that 

possible temperature differences during the measurement series was not affecting the impedance, 

the temperature was thoroughly controlled with the climate chamber set to 23°C during the later 

measurement series. Different excitation signals of 2, 6, and 10 mV were used. The reason for this is 

that the battery cell tested had low impedance and the test equipment could only generate a current 

of 2 A [34], resulting in sinusoidal signals with cut-off peaks. This behavior was verified by measuring 

the signal independently from the Solartron instruments with the oscilloscope. By using different 

magnitudes of the excitation signal, the effect of the cut-off peaks on the measurement result was 

analyzed. Measurements at 10 mV were carried out starting both from 0 % SOC and 100 % SOC to 

investigate possible hysteresis effects.  

3.2 Hybrid Power Pulse Characterization, HPPC 

The following instruments and material were used for the HPPC measurements: 

 Programmable electronic load (PLA800-60-300, Amrel) 

 Programmable dc power supply (SPS8-150-K0E1, Amrel) 

 DAQ (U2351A, Agilent Technologies) 

 DAQ (NI 9219, National Instruments) 

 Thermocouples (type K) 

 Shunt resistor, 0.5 mΩ 

 Diode  

 GPIB to USB connection (GPIB-USB-B, National Instruments) 

 Laptop computer 

The following software was used to program the instruments and analyze data: 

 LabView (LabView 2011 Base, National Instruments) 

 MATLAB with statistics toolbox (version R2010 or later, MathWorks) 

The Scania standard HPPC-test (see Figure 4 section 2.3) was used [27]. All measurements were 

carried out at room temperature. The instruments used to generate the pulse were a programmable 

electronic and a programmable dc power supply. A diode and a 0.5 mΩ shunt resistor was also 

connected to the electric circuit. The diode was used for prohibiting incorrect current flow between 

the electronic load and the power supply, and the shunt resistor was used for current 

measurements. The instruments were operated in remote sense mode, i.e. the electronic load and 

power supply measured the voltage at the poles of the battery cell under test. In that way ohmic 

resistance in cables and connections did not affect the current applied to the battery cell. Voltage 

and current measurements were recorded with a USB data acquisition unit, a so called DAQ 

(U2351A, Agilent Technologies). The temperature of the battery was monitored with four 

thermocouples connected to another DAQ (NI 9219, National Instruments). The temperature was 

measured at the positive and negative pole of the battery and at the center of the two largest 

surfaces of the prismatic battery cell. 

Large effort was put on choosing the right measurement device for the voltage and current 

measurements. Different DAQs were compared, and oscilloscopes were also considered. The 
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oscilloscopes were not chosen since other devices are better suited for DC-measurements. The 

oscilloscopes were also more expensive than the DAQs. The reason for choosing the Agilent DAQ was 

the high accuracy of the reading (1 mV + 0.04 % of battery voltage reading and 1 mV + 0.012 % of 

shunt resistor voltage reading), sampling rate up to 250 kHz, and instrument drivers for LabView 

certified by National Instruments [35]. 

LabView was used to control the setup. The block diagram of the program1 is shown in appendix A2. 

For a more thorough description of the program, see section 3.2.1. LabView instrument drivers for 

the electronic load and power supply were downloaded from Amrel’s homepage [36], [37]. The 

instruments were connected to a laptop computer via a GPIB to USB connection. 

Two measurements were carried out for each SOC: One measurement in slow sampling mode and 

one in fast sampling. In the slow sampling mode, data was recorded for the whole HPPC-test with a 

sampling frequency of about 10 Hz. The increase in OCV during the current step was calculated from 

this measurement. In the fast sampling mode data was recorded at 100 kHz sampling rate for 20 

seconds, covering the first current step pulse. The overvoltage during charge and discharge pulses 

was calculated through subtracting the OCV(t) from battery voltage response in the second 

measurement. The charge and discharge resistance was calculated through dividing the overvoltage 

by the current applied to the battery cell.  

The data was analyzed in MATLAB with statistics toolbox (version 2010 or later, MathWorks). Mostly, 

MATLAB’s built in functions were used for data analysis, e.g. FFT-analysis. But for loading the 

LabView measurement files the function “lvm_import” was downloaded from MATLAB central file 

exchange [38].  

3.2.1 Description of LabView program for generating the HPPC-test 

Figure 7 shows the structure of the LabView program for the HPPC-test. The block diagram of the 

program is shown in appendix A2. The program starts with generating default values for the 

electronic load, power supply and measurement devices. No current is applied to the battery cell and 

no data is collected before the operator press the start-button for the HPPC-test. The main part of 

the program is a time control case structure and a while loop for controlling the power supply and 

the electric load. The default state for the time control structure is “idle”, in which the program does 

not apply nor draw any current from the battery.  

The time control case structure remains in the idle state until the operator calls for starting the 

HPPC-pulse. Before starting the HPPC-test, the operator has specifies the current and duration time 

for each step in the HPPC test in an array consisting of current and time entries. When starting the 

test the program reads the starting time, calculates the total time of the test by summing up all the 

time elements the time-current array. After that the state switches to “set current”. The program 

reads the current from the correct entry in the time-current. The current of the load and the power 

supply is configured to this.  

                                                           
1
 Joakim Kjerner, system developer at Scania CV AB, helped develop the structure of the program. Kjerner 

designed a program for applying the charge pulses, which was extended by Blidberg to incorporate the 
discharge pulses and the collection of data with the DAQs. 
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After all commands in the set current state has been performed, the time control loop goes into the 

state “wait”. In this state the program reads the current time and calculates the elapsed time of the 

current step in the HPPC-pulse. The program waits until the elapsed time is larger or equal to the 

duration time of the step. When the time for the current step has elapsed, the program goes back in 

to the state “set current” and repeats the same procedure. When the elapsed time is larger or equal 

to the total time, the time control loop goes into the state “stop” and 0 A is applied to the battery 

cell. The program ends when the operator pushes a stop button in the front panel interface. See 

Figure 7 for a more perspicuous description of the program 

4 Results and discussion 

The aim of this master thesis was to correlate a battery’s impedance measured with EIS to its 

resistance measured with HPPC. The results will be presented discussed in this section. First EIS 

results are presented, second HPPC results, and third a possible correlation is investigated. 

 
Figure 7 Structure of LabView program for controlling the electric load and power supply. A while loop configures the 
current for the load and the power supply and the time control structure tells the while loop which current should be 
applied at which time. Input for the time control structure is an array with the time of step and current of step specified in 
Table 2. The actual program is shown in appendix A2. 
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4.1 EIS results 

The correctness of the EIS measurements were validated by four series of measurements, as 

described in section 3.1. Figure 8 shows the Nyquist plots for the forth measurement series. In this 

measurement series the temperature was carefully controlled with the climate chamber and 10 mV 

excitation was used. Firstly, it can be noted that at most SOCs the characteristic trough that 

sometimes can be seen in EIS results is less distinct for the battery chemistry used in this project. 

Secondly, it can be seen that at SOCs lower than 20 % the shape of the curves is very different from 

the shape at higher SOCs. This could indicate that different electrodes are dominating the impedance 

at different SOC. Thirdly, it was noted that the impedance increases faster between 90 to 80 and 80 

to 70 % SOC than between 70 to 20 % SOC.  

Since the equipment used for the EIS measurements had a current limit of 2 A, and measurements 

were carried out on a power optimized cell with low impedance, the excitation signal did not have a 

smooth sinusoidal shape when the instrument was programmed to produce a 10 mV excitation 

signal. The excitation signal in that case was a cut-off sinusoidal signal. To see if this behavior 

affected the results from the EIS measurements, measurements were carried out with excitation 

signals of different amplitudes. Figure 9 shows Nyquist plots recorded with excitation signals of 2 mV 

and 6 mV. The data from these measurements were collected in sequence. I.e. first one 

measurement at 6 mV was carried out, followed by a rest period of 10 minutes and a measurement 

at 2 mV was carried out. This ensured that all parameters except the amplitude of the excitation 

signal were kept constant between the two measurement series. The lowest relevant impedance 

 
Figure 8 EIS measurement data at different SOC produced with an excitation signal of 10 mV. The characteristic through 

that sometimes can be seen in Nyquist plots of EIS data is less pronounced at many SOCs for the battery cell used in this 

project. It can be seen that below 20 SOC the shape of the curves different shape than at higher SOC. In the region 

between 90 and 70 % SOC the impedance increases faster with decreasing SOC than in the region between 70 and 20 % 
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SOC. 

 

 

Figure 9 Comparison between EIS measurements with a 2 mV and a cut-off 6 mV excitation signal. The highest possible 
amplitude of the excitation signal that is not cut-off is about 3.2 mV. This is because of the instruments current limit of 2 A 
and the lowest relevant impedance (the impedance where the curve intersects the real impedance axis) is about 1.6 mΩ. It 
can be seen that there is not a considerable difference between the data recorded with the two different excitation 
signals, except that there is much more noise present in the data recorded with the 2 mV signal. 

is found where the curve intersects the x-axis at 100 % SOC. In that point, the impedance is about 

1.6+0i mΩ (also see Figure 8). Thus the largest excitation that can be used without getting cut-off 

sinusoidal curves at any relevant frequency is 3.2 mV (1.6 mΩ × 2 A = 3.2 mV). However, as can be 

seen in Figure 9, there is no considerable difference between the Nyquist plots recorded at 2 and 6 

mV. But the results from the 2 mV measurements are much noisier than with excitation signals of 

higher amplitude. Thus, for further measurements the instruments were programmed to produce a 

10 mV excitation signal even though the real amplitude of the excitation signal was limited by a 

maximum current of 2 A. To improve the quality of the measurements further, data points at 

harmonics of the fundamental frequency of the power grid (e.g. 100 Hz) was omitted in the curve 

fitting.  

A positive aspect of the limited current output from the instruments is that the drift in SOC was small 

during the measurements. The frequency was swept between 9888 Hz and 0.01 Hz with 25 steps per 

decade. The largest drift in SOC occurs at the lowest frequency; consequently the maximum drift in 

SOC was smaller than 1 %: 
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Figure 10 shows a typical curve fitting with the equivalent circuit in Figure 11. The fitting is shown 

together with experimental data collected at 50 % SOC. The excitation signal used is the cut-off 10 

mV  

 

Figure 10 A typical Nyquist plot of EIS measurement data with curve fitting using the equivalent circuit in Figure 11. This 

specific plot shows data at 50 % SOC and the thicker line is the curve fitting. In the region between 20 and 80 % SOC, 

where HPPC measurements were carried out, the chi-squared value is smaller than 0.000173 and the weighted sum of 

square is smaller than 0.0286 (weighted by normalizing each data point by its magnitude). See Figure 12 for the magnitude 

of the different circuit elements as functions of % SOC. 

 
Figure 11 Electrical equivalent circuit used for curve fitting to EIS data. L is the inductance of the cables used to connect 

the battery to the measurement instruments, Rs is the internal resistance; Cdl is the combined double layer capacitance of 

the two electrodes, Rct is the combined charge transfer resistance of the two electrodes, and Zw is a finite length Warburg 

element with open circuit terminus. 
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signal. As can be seen in the Figure 10, not all data points where used in the model. It has been 

shown that the change in real impedance at high frequencies is not caused by the battery [9], so 

values at positive imaginary impedance are only included in the model for a better equivalent circuit 

fit. Impedance at low frequencies are difficult to measure while the battery is under load [10], so the 

data points at the lowest frequencies were also omitted in the fitting. At all SOCs the fittings have a 

chi-squared value smaller than 0.000760 and weighted sum of squares smaller than 0.14. For fittings 

between 20 and 80 % SOC, the fittings used for correlation with HPPC measurements, the chi-

squared value was smaller than 0.000173 and the weighted sum of squares was smaller than 0.0286. 

The weighted sum of squares was weighted by normalizing the error in each data point by its 

magnitude. For detailed data on the curve fittings produced both with 2 mV and 10 mV cut-off 

excitation signals, see appendix A1. 

Figure 12 shows the results from the curve fitting as a function of SOC with the equivalent circuit in 

Figure 11. Four measurement series are shown. The first series (diamonds) is for the noisy 2 mV 

sinusoidal excitation signal and the second series (circles) is the 6 mV cut-off excitation signal. The 

third series (lines) was collected starting from 100 % SOC and continuing down to 0 % SOC with a 10 

mV excitation signal, and the fourth series (crosses) was collected starting from 0 % SOC and 

continuing up to 100 % SOC with a 10 mV excitation signal. There is some variance between the four 

measurement series, especially at high and low SOC, but smaller differences in the region between 

20 and 80 % SOC which is used for correlation with HPPC measurements. The temperature was not 

as carefully controlled in series 1 and 2, i.e. the climate chamber was not turned on. These 

measurements were carried out at ambient temperature, about 23°C. In series 3 the climate 

chamber was set to 23°C, and in series 4 the climate chamber was turned on and set to 23°C at least 

15 hours before any measurements were carried out. Because of the careful control of the 

temperature in series four, these results will be used for the investigation of a correlation between 

EIS and HPPC measurements. Temperature differences could be an explanation of the difference 

between the measurement series. Slightly different SOCs between the measurements could be 

another explanation. 

Even though there is some difference in the values of the equivalent circuit elements between the 

measurement series, the differences are not so large that they suggest that the amplitude of the 

excitation signal or the cut-off sinusoidal shape of the excitation signal in measurement series 2 

through 4 affects the result substantially. Nor does it infer any hysteresis effects on the impedance 

when measuring from 100 to 0 % SOC or from 0 to 100 % SOC. 
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Figure 12 Results from the curve fitting with the equivalent circuit in Figure 11 as a function of SOC at ambient temperature 
(23°C). Four measurement series are shown. The first series (diamonds) is for the noisy 2 mV sinusoidal excitation signal and 
the second series (circles) is the 6 mV cut-off excitation signal. The third series (lines) was collected starting from 100 % SOC 
and continuing down to 0 % SOC with a 10 mV excitation signal, and the fourth series (crosses) was collected starting from 0 
% SOC and continuing up to 100 % SOC with a 10 mV excitation signal. There is some variance in between the measurement 
series which could be caused by difference in temperature between the measurement series. However, differences 
between the measurement series are biggest at high and low SOCs, and not between 20 and 80 % SOC which is the region 
in which a correlation with HPPC measurements is investigated. The difference is not so big that it infers any substantial 
difference between a real and a cut-off sinusoidal excitation signal, or any hysteresis effects on the impedance when 
carrying out measurements from 0 to 100 % SOC or from 100 to 0 % SOC. 
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4.2 HPPC results 

A typical result from Scania’s HPPC pulse [27] is shown in Figure 13. On the upper left side the 

applied current and the battery voltage response are shown during slow sampling mode. In this 

particular case, the Scania test pulse has been scaled down by a factor of two and inversed in order 

to measure a charge pulse applied to a battery initially at rest. The reason for scaling down the HPPC-

test is that the battery otherwise cannot deliver enough current over the whole measured SOC 

range.  Only the first current step of the Scania HPPC-pulse or the inverse HPPC-test will be analyzed 

in this report, but the whole HPPC test was recorded for future reference. To the right in Figure 13 

the voltage response of an 18 seconds charge pulse is shown, and on the bottom left the voltage 

response of an 18 seconds discharge pulse is shown. It can be seen that the power supply is applying 

the charge pulse very fast. It seems like the power supply over shouts the voltage during ramp up, 

applying the instrument’s maximum current. This results in the voltage peak at the beginning of the 

step. On the other hand, the electric load ramps up the resistance slowly, without any large peaks in 

the battery’s voltage response. 

  

 

Figure 13 Typical raw data from the HPPC measurements. 

 Upper left: The current applied (left y-axis) and 

the voltage (right y-axis) response from 

measurements in slow sampling mode. Although 

the first current step is the only data analyzed in 

this report, a complete HPPC sequence is 

measured for future reference. 

 Upper right: The battery’s voltage response 

during an 18 seconds charge pulse. 

 Bottom left: The battery’s voltage response 

during an 18 seconds discharge pulse. 
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4.2.1 Temperature monitoring 

The temperature was carefully monitored during the measurements and a typical temperature 

profile of Scania’s HPPC pulse scaled down by a factor two is shown in Figure 14. The temperature 

increased during the measurement, which is normal since some electric energy is converted to heat 

by the battery’s resistance. Note that the highest increase in temperature takes place at the positive 

pole. This could be explained by the material configuration of the battery. The negative current 

collector is made of copper whereas the positive current collector is made of aluminum. Copper is a 

better conductor than aluminum, so higher resistance could explain the higher temperature on the 

positive pole. The temperature measured at battery’s two largest surfaces increased only slightly 

during the measurements. The initial temperature in all measurements reported in this work was 

between 19.7 and 25.8 °C, i.e. ambient temperature corresponds to about 23 ±3 °C. 

 
Figure 14 Typical temperature profile during Scania’s HPPC profile scaled down by a factor two (i.e. the two first 

temperature peaks represent a 18 s discharge pulse and 18 s charge pulse. Note that the highest temperature increase is 

on the positive pole. This could be explained by the good heat conduction of the copper current collector on the negative 

side. The current collector on the positive side is made from aluminum, with not as good heat conduction as copper. The 

temperature on the battery sides increases about 0.5 ° during the complete HPPC test. 

4.2.2 HPPC resistance calculation 

Figure 15 shows the voltage rise from OCV during a charge pulse. This overvoltage was used to 

calculate the charge resistance during the pulse. The increase in OCV during the pulse was accounted 

for and calculated in accordance with Scania’s technical regulations [27].  The resistance was 

calculated by dividing the overvoltage by the applied current. A typical charge resistance during the 

charge pulse is shown in Figure 16. The resistance after 0.1, 0.3, 2, 10, and 17 seconds is indicated 

with plus-signs in Figure 16. Since the resistance curve has substantial noise in it, these impedances 

were calculated as an average of 100 data points (corresponding to one millisecond of 

measurement). Normally, the HPPC resistance is calculated at 0.1, 2, 10 and 18 seconds. However, 

since the electronic load was ramping up the resistance relatively slow, the HPPC resistance at 0.3 

seconds is reported instead of the resistance at 0.1 seconds in this work. Also, the LabView program 
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controlling the electronic load and dc power supply did not control the step time accurate enough to 

calculate the resistance at 18 seconds (the step time was about 18 ± 0.5 s), so the resistance at 17 

seconds was used instead. 

 

 
Figure 15 The voltage rise from OCV during a typical 18 seconds charge pulse. The rise in OCV during the pulse is calculated 
through interpolation between the initial voltage and the voltage measured after 120 seconds of rest. The overvoltage is 
calculated by subtracting the OCV(t) from the battery voltage V(t).  

 
Figure 16 A typical HPPC resistance curve during an 18 seconds charge pulse. The resistance during the current pulse is 
calculated by dividing the overvoltage (see Figure 15) by the applied current. 
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Figure 17 shows the HPPC resistance for a 60 A discharge current step as plotted versus SOC. 

Resistances at different times after applying the pulse is shown: 0.3 s (+), 2 s (Δ), 10 s (x), and 17 s (o). 

A linear curve fitting to the measurement data is also shown, as is the 95 % confidence interval for 

the fitting of the resistance at 0.3 s after applying the current step (slightly curved lines). Figure 18 

shows the residuals of the linear fittings (residual = data value – fitting value). There is a pattern 

between the residuals at the same SOC, suggesting a systematic error in the analysis of a single 

measurement. But the residuals are randomly scattered around zero between the measurements at 

different SOCs, suggesting that linear fit describes the data well even though the residuals are rather 

large. One explanation for the large residuals in Figure 18 is that the battery voltage differed from 

the OCV before some HPPC-measurements, see Table 4. The reason why the battery voltage is 

differing so much from OCV at some measurements could be the inaccurate control of the step time 

described earlier. Possibly the battery could have been aged after all testing, which also could the 

difference in battery voltage from OCV specified on the battery’s datasheet. 

 

 

Figure 17 HPPC resistance for a 60 A discharge current step as plotted versus SOC. Resistances at different times after 
applying the pulse is shown: 0.3 s (+), 2 s (Δ), 10 s (x), and 17 s (o). Linear fittings to the data are also shown, as is the 95 % 
confidence interval of the linear fitting of the resistance 0.3 seconds after applying the current. 
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Figure 18 Plot of residuals of the linear fittings and data. There is a pattern between the resistances at the 
same SOC, suggesting a systematic error in the analysis of a single measurement. However, the residuals are 
randomly scattered around zero between the measurements at different SOCs, suggesting the linear fit 
describes the data well. 

Table 4 The open circuit voltage and measured battery voltage before HPPC measurements. Note that there is some 
deviation in battery voltage from OCV, especially at low SOCs. The column “actual SOC” has been calculated from 
interpolation of the measured battery voltage between OCV-values. 

SOC [%] OCV [V] Battery voltage [V] Actual SOC [%] 

80 3.891 3.887 79.5 

60 3.749 3.748 59.8 

50 3.699 3.699 50,0 

40 3.658 3.653 39.2 

30 3.598 3.579 27.3 

20 3.528 3.519 19.1 

  

4.2.3 FFT-analysis 

A frequency analysis was performed in order to see if the complex impedance of a battery could be 

extracted from a HPPC charge or discharge pulse. The battery response was transformed to 

frequency domain by using the Fast Fourier Transform (FFT). Figure 19 shows typical raw data used 

for the FFT-analysis of a charge pulse and typical results.  The part of the voltage and current data 

used for the FFT analysis is shown on the left side. 1.3107 seconds of the beginning of the pulse was 

transformed to frequency domain. Since frequencies down to at least 1 Hz was desired, a time span 

of approximately 1 s was chosen. The reason for choosing 1.3107 s in particular was the number of 

data points that was nearest a power of two, and the input to MATLAB’s FFT function should be a 

power of two to avoid truncation of data. The peak in the beginning of the charge pulse was omitted 

in the analysis. The frequency response under 1000 Hz seems to be factors of 100 Hz, as can be seen 

in upper and bottom right frequency spectra. In the current spectra (bottom right), a peak can also 

be seen at 50 Hz. This suggests that these peaks are noise from the power grid (the fundamental 

frequency of the power grid is 50 Hz). It is strange however that the peak at 50 Hz is so small, and 
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that no peaks at e.g. 150 Hz can be seen. On the other hand, during the EIS measurements the signal 

was noisiest at 100, 200 and 300 Hz. Another factor indicating that it really is noise from the power 

grid is that the discharge pulses do not give peaks at frequencies that are factors of 100 Hz. Since a 

load is used to generate the discharge pulses, and the battery itself is producing the current instead 

of a power supply as was the case for the charge pulses, it is natural that noise peaks from the grid 

are not present to the same extent. At low frequencies there is only a numerical artifact in the 

voltage frequency spectra (upper right graph). This artifact arises from the different battery voltage 

in the beginning and the end of the data, i.e. the system is not stable [39]. 

The above argumentation suggests that the battery itself does not produce a frequency response 

when applying a current step. At frequencies of interest (<70 Hz according to EIS measurements) the 

only frequencies detected are noise and a numerical artifact.  

 

 

 

  

Figure 19 Upper left: Typical voltage response of the battery during the beginning of a 60 A charging pulse. This 

specific measurement was conducted at 70 % SOC. The black circles mark the data span used for the FFT 

analysis in the upper right picture. 

 Upper right: The voltage response transformed to frequency domain with Fast Fourier Transform (FFT). At 

low frequencies, a tail of DC voltage (a numerical artifact) is corrupting the frequency spectra. 

 Lower left: Typical result from current measurement with the shunt resistor. As for the voltage response, the 

data span used for the FFT analysis is indicated with black circles. 

 Lower right:  Frequency spectra of the current during the charge pulse. Since the current is more or less 

equal in the endpoints of the data span used, no numerical artifact appears at low frequencies. Note that all 

frequencies except 50 Hz identified less than 1000 Hz are factors of 100 Hz, suggesting that only noise from 

the power grid is observed. 

4.3 Correlation between EIS and HPPC 

This section will be divided into a section with DC-analysis and one section with FFT-analysis. 
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4.3.1 DC-analysis 

Figure 20 and Figure 21 shows data and linear fittings of the discharge resistance from the 18 

seconds 60 A pulses plotted versus the sum of the internal resistance and charge transfer resistance 

(Rs + Rct) from the EIS measurements. The discharge resistance at different time spans of discharge 

current is shown, i.e. 0.3, 2, 10, and 17 seconds of discharge current. The equations for the linear 

fittings are presented together with R-squared values in the title of each graph. The thinner, slightly 

curved lines show the 95 % prediction interval of the linear fittings (i.e. 95 % confidence in that a new 

measurement will lie in this region). 

The graphs in Figure 20 show poor R-squared values, suggesting a poor data fitting. Also the wide 

region around the fitting described by the 95 % prediction interval is implying a poor precision of the 

correlation. However, an analysis of the residuals showed that the errors were randomly scattered 

around zero for the different measurements, see Figure 22.  The random scattering of residuals 

suggests that the linear fitting is correct in spite of the large values of the residuals. Because of this, a 

second measurement series were carried out to investigate if the results could be reproduced. Apart 

from the 10 seconds discharge resistance, the second series resulted in a better fitting than the first 

measurement series. The best R-squared value was 0.86 for the 0.3 seconds discharge pulse (see 

Figure 21). 

Thus there seems to be a linear correlation between HPPC discharge resistance and the sum of Ra 

and Rct. However, even in the best case the precision of the correlation is bad. The precision is heavily 

affected by the flat slope of the correlation. A flat slope requires a narrower prediction interval than 

presented in this report for the correlation to be useful in real HEV applications. 

  

  
Figure 20 Measurement series 1 of HPPC discharge resistance plotted versus Rs and Rct from EIS measurements. A linear 
fitting is shown, with the equation and R-squared value presented in the plot title. The graphs show results for 0.3 s, 2s, 10 
s and 17 s discharge resistance. The thinner and slightly curved lines show the 95 % prediction interval, i.e. the interval 
where 95 % of new measurements will fall into. 
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Figure 21 Measurement series 2 of HPPC discharge resistance plotted versus Rs and Rct from EIS measurements. A linear 
fitting is shown, with the equation and R-squared value presented in the plot title. The graphs show results for 0.3 s, 2s, 10 
s and 17 s discharge resistance. The thinner and slightly curved lines show the 95 % prediction interval, i.e. the interval 
where 95 % of new measurements will fall into. 
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Figure 22 Residuals from the HPPC-EIS correlation in Figure 20. The random scattering of the residuals, at least within a 
resistance series, suggest that the linear fitting between HPPC and EIS measurements describes the data well even though 
the residuals are large. 
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4.3.2 FFT-analysis 

The general conclusion from the FFT-analysis of the HPPC charge and discharge is that additional AC-

components must be added to the signal in order to measure frequency dependant battery 

impedance. This could be achieved by applying white noise or a sum-of-sines signal on the battery 

[32], and equipment for both methods have already been patented [30], [11]. As mentioned earlier, 

using a sum-of-sines signal gives lower noise than a white noise signal.  

In order to find support to the technique of measuring a battery’s impedance by introducing a signal 

with AC-components, the complex impedance of the 100 Hz noise peaks was calculated by 

      
         

         
 

The impedance was calculated for two data spans: 0 to 0.02 second and 0 to 1.31 seconds after 

applying the HPPC charge pulse. A paired t-test (a statistical evaluation of the difference between 

two analysis methods) was performed between the complex impedance calculated from the HPPC 

charge pulses and the results from the EIS measurements. The goal was to investigate if there was a 

significant difference between the measurement methods. To ensure that the noise from the power 

grid was not corrupting the EIS reference, these values were interpolated from measured values 

measured at 90 and 108 Hz. The hypothesis tested was: “H0: There is no difference between EIS 

impedance and the impedance calculated from noise in the HPPC charge pulses at 100 Hz”. The level 

of significance for the test was 95 %. The results are presented in Table 5. The imaginary part of the 

impedance is not so relevant in this case, at 100 Hz the impedance is in the inductive region of the 

Nyquist plot and the imaginary impedance express inductance in cables and connections [9]. More 

interesting is the real impedance, which is close to the internal resistance in the EIS measurements. 

H0 was rejected for the real impedance for the 1.31 seconds data span, but not for the 0.02 seconds 

data span. This implies that mass transfer limitations cause an offset in the real impedance. It is not 

likely caused by drift in SOC, since a 1.3 seconds current pulse corresponds to a ΔSOC of 0.18 for 60 A 

and 0.36 for 120 A. The suggested mass transfer problem here is probably violating the stability 

requirement of EIS and linear system theory: after 1.3 seconds of the charge pulse, the system is not 

at the same state as it was at the beginning of the pulse because a Li-ion concentration gradient has 

been formed. The lithium gradient is caused by the large DC applied, not by the 100 Hz noise. 

However, the t-test infers that using noise as a method of measuring the complex impedance of a 

battery under load cannot be ruled out, at least not when measuring a short time after applying the 

load. 

The results in Table 5 also imply that in a real hybrid electric vehicle application, noise could corrupt 

impedance measurements with a white noise or a sum-of-sines signal. There is also support for this 

in the literature [10].  It would be interesting to investigate whether sources of noise could be used 

as the input signal for an impedance measurement, as was showed possible in telecommunication 

applications already in 1993 [28]. In a HEV application, noise from the generator/electric motor could 

possibly be used as an excitation signal for impedance measurements. 
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Table 5 Results from a paired t-test to investigate if the hypothesis “H0: no difference in EIS impedance and impedance 
measured from noise on a battery under load”. The table shows the difference in impedance at 100 Hz between EIS results 
and impedance calculated through FFT of a HPPC charge pulse. The imaginary part is not so relevant because at 100 Hz it 
expresses inductance in cables and connections. H0 is rejected for the real impedance for a 1.31 seconds data span but not 
for a 0.02 seconds data span of the charge pulse. This implies that mass transfer limitations cause an offset in the real 
impedance some time after applying the charge pulse. Since H0 was not rejected for the shorter data span, using noise as a 
method for measuring the battery’s impedance under load cannot be ruled out. 

  
HPPC 0.02 s HPPC 1.31 s 

SOC [%] DC current [A] Δ(HPPC, EIS) 
Zreal [mΩ] 

Δ(HPPC, EIS) 
Zim [mΩ] 

Δ(HPPC, EIS) 
Zreal [mΩ] 

Δ(HPPC, EIS) 
Zim [mΩ] 

80 60 -0.02 0.40 13 0.44 

70 60 -0.97 0.44 0.38 0.52 

60 60 -0.06 0.51 1.31 -0.15 

50 120 0.57 0.70 0.72 0.11 

40 120 0.58 0.62 0.79 0.05 

30 120 0.98 0.80 0.61 0.38 

20 120 0.99 1.12 0.06 -0.05 

10 60 2.05 3.62 0.27 0.94 

Standard deviation 0.90 1.07 0.41 0.36 

Difference, HPPC & EIS 0.51±0.75 1.03±0.90 0.53±0.35 0.28±0.30 

Reject H0? No Yes Yes No 
 

5 Conclusions and recommendations 

A linear correlation between the discharge resistance from a HPPC measurement and the sum of the 

internal resistance and charge transfer resistance from EIS measurements is presented in this work. 

Although the R-squared values where less than 0.86, the residuals were randomly scattered around 

zero. This suggests that the linear fit represented the data well in spite of the bad R-squared values. 

However, the correlation had bad precision and cannot be used for accurate prediction of EIS 

parameters from a HPPC-test. If the correlation is to be used, future work should involve improving 

the accuracy of the fit, as well as an investigation on how a change in temperature affects the 

correlation. The general conclusion is that HPPC-tests cannot replace small signal analysis of battery 

cells for determining specific impedance parameters. 

 It was also found that the impedance of single frequencies cannot be identified through FFT analysis 

of a current step without introducing AC-components in the excitation signal. However, if a noise 

signal is applied on the battery the complex impedance can be measured. By using noise caused by 

the power grid, it was found that measuring impedance on a battery under load cannot be ruled out 

when measuring a short time (≈20 milliseconds) after applying a current pulse. However, it did not 

show a very good fit to EIS data in this work. An interesting future work could be investigating if noise 

from e.g. the electric motor/generator in a hybrid electric vehicle could be used as a signal for 

impedance measurements. 

The literature study of work showed that there is a lot of work going on in-situ impedance 

measurements.  Idaho National Laboratory is currently testing an Impedance Measurement Box 

(IMB) on long-term demonstration. They claim an impedance measurement takes about 10 seconds 
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and present similar results as EIS. This should be followed carefully for possible future use in Scania’s 

hybrid vehicles. 
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 Appendix 

A1 EIS fitting 

Figure 22 and Figure 24 show the internal resistance and charge transfer resistance 

calculated with equivalent circuits. The errors for the two measurement series are also 

shown. Table 6 and Table 7 show the complete results from EIS measurements with 2 and 10 

mV excitation signal together with the error in the equivalent circuit fitting. 

 

Figure 23 The internal resistance Rs calculated with equivalent circuit for a 2 and 10 mV excitation signals. Error bars show 
the error of the fitting. 

 

 

Figure 24 The charge transfer resistance Rct calculated with equivalent circuit for a 2 and 10 mV excitation signal. Error bars 
show the error of the fitting. 
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Table 6 Data from the curve fitting of the electrical equivalent circuit to EIS measurement data at 10 mV. 

SOC [%] χ
2
 Sum-Sqr L L (Error %) Rs Rs (Error %) Cdl Cdl (Error %) 

100 5.24E-05 0.0079 4.21E-07 1.18E+00 1.46E-03 8.17E-01 4.92E+00 1.20E+01 

90 3.97E-05 0.0060 4.18E-07 9.73E-01 1.47E-03 6.35E-01 5.31E+00 9.75E+00 

80 2.07E-05 0.0031 4.14E-07 6.77E-01 1.49E-03 4.08E-01 5.23E+00 5.90E+00 

70 8.21E-05 0.0124 4.13E-07 1.07E+00 1.52E-03 5.44E-01 5.94E+00 7.95E+00 

60 4.78E-05 0.0077 4.12E-07 3.81E-01 1.50E-03 2.31E-01 4.39E+00 3.06E+00 

50 1.19E-04 0.0192 4.05E-07 5.73E-01 1.51E-03 3.23E-01 4.25E+00 4.02E+00 

40 1.73E-04 0.0286 3.28E-07 8.40E-01 1.49E-03 3.93E-01 3.71E+00 4.24E+00 

30 1.18E-04 0.0200 3.16E-07 6.92E-01 1.51E-03 2.79E-01 4.12E+00 3.12E+00 

20 1.24E-04 0.0225 3.17E-07 7.53E-01 1.51E-03 2.90E-01 3.92E+00 2.96E+00 

10 2.34E-04 0.0455 3.09E-07 1.13E+00 1.53E-03 3.63E-01 4.34E+00 3.66E+00 

0 7.60E-04 0.1422 3.05E-07 2.91E+00 1.55E-03 8.38E-01 3.42E+00 6.42E+00 

max 7.60E-04 0.14 
 

2.91 
 

0.84 
 

11.99 

min 2.07E-05 3.12E-03 
 

0.38 
 

0.23 
 

2.96 
 

Table 6 (continued) Data from the curve fitting of the electrical equivalent circuit to EIS measurement data at 10 mV. 

SOC [%] Rct Rct (Error %) Wo-R Wo-R (Error %) Wo-T Wo-T (Error %) Wo1-P Wo-P (Error %) 

100 1.54E-04 7.40E+00 1.65E-04 2.81E+00 4.36E-01 4.29E+00 3.68E-01 3.79E-01 

90 1.50E-04 5.93E+00 1.61E-04 2.51E+00 4.21E-01 3.82E+00 3.68E-01 3.27E-01 

80 1.66E-04 3.49E+00 1.71E-04 1.52E+00 3.95E-01 2.14E+00 3.96E-01 1.83E-01 

70 1.75E-04 4.42E+00 1.58E-04 3.33E+00 4.05E-01 4.85E+00 3.83E-01 4.19E-01 

60 2.11E-04 1.53E+00 1.81E-04 2.26E+00 5.18E-01 3.46E+00 3.75E-01 3.93E-01 

50 2.31E-04 1.97E+00 1.96E-04 3.43E+00 5.96E-01 5.39E+00 3.69E-01 6.80E-01 

40 2.63E-04 2.07E+00 2.02E-04 4.03E+00 6.20E-01 6.51E+00 3.59E-01 7.34E-01 

30 2.67E-04 1.45E+00 2.17E-04 3.34E+00 6.25E-01 5.41E+00 3.55E-01 5.37E-01 

20 2.98E-04 1.33E+00 2.46E-04 3.29E+00 6.69E-01 5.39E+00 3.45E-01 3.96E-01 

10 3.26E-04 1.54E+00 3.18E-04 3.56E+00 6.74E-01 5.17E+00 3.76E-01 2.71E-01 

0 4.25E-04 2.46E+00 1.85E-03 2.24E+00 9.18E-01 2.94E+00 4.37E-01 3.42E-01 

max 
 

7.40 
 

4.03 
 

6.51 
 

0.73 

min 
 

1.33 
 

1.52 
 

2.14 
 

0.18 
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Table 7 Data from the curve fitting of the electrical equivalent circuit to EIS measurement data at 2 mV. 

SOC [%] χ
2
 Sum-Sqr L L (Error %) Rs Rs (Error %) Cdl Cdl (Error %) 

0 1.65E-04 3.02E-02 1.75E-07 2.31E+00 1.59E-03 3.20E-01 3.82E+00 2.25E+00 

10 3.76E-04 7.18E-02 2.17E-07 2.20E+00 1.53E-03 4.74E-01 4.18E+00 4.28E+00 

20 8.67E-04 1.53E-01 2.16E-07 3.08E+00 1.51E-03 7.62E-01 3.91E+00 7.24E+00 

30 5.21E-04 8.60E-02 2.33E-07 2.30E+00 1.48E-03 7.12E-01 3.36E+00 6.43E+00 

40 3.43E-04 5.52E-02 2.24E-07 1.88E+00 1.50E-03 5.65E-01 3.63E+00 5.70E+00 

50 7.33E-04 1.15E-01 2.37E-07 2.60E+00 1.48E-03 8.71E-01 3.32E+00 8.12E+00 

60 2.63E-04 4.13E-02 2.26E-07 1.67E+00 1.47E-03 6.00E-01 3.63E+00 6.72E+00 

70 8.04E-05 1.20E-02 2.16E-07 1.99E+00 1.50E-03 5.63E-01 5.20E+00 7.47E+00 

80 4.47E-04 6.66E-02 2.32E-07 4.90E+00 1.48E-03 1.61E+00 4.63E+00 1.98E+01 

90 7.72E-04 1.15E-01 2.57E-07 8.34E+00 1.39E-03 4.17E+00 2.54E+00 3.29E+01 

100 1.08E-04 1.61E-02 2.39E-07 2.66E+00 1.45E-03 1.02E+00 3.63E+00 1.06E+01 

max 8.67E-04 1.53E-01 
 

8.34E+00 
 

4.17E+00 
 

3.29E+01 

min 8.04E-05 1.20E-02 
 

1.67E+00 
 

3.20E-01 
 

2.25E+00 
 

Table 7 (continued) Data from the curve fitting of the electrical equivalent circuit to EIS measurement data at 2 mV. 

SOC [%] Rct Rct (Error %) Wo-R Wo-R (Error %) Wo-T Wo-T (Error %) Wo-P Wo-P (Error %) 

0 5.09E-04 8.53E-01 2.10E-03 1.07E+00 1.01E+00 1.40E+00 4.36E-01 1.74E-01 

10 3.66E-04 1.81E+00 4.14E-04 3.74E+00 8.86E-01 5.32E+00 3.89E-01 3.49E-01 

20 3.26E-04 3.19E+00 2.63E-04 9.15E+00 7.02E-01 1.52E+01 3.41E-01 1.15E+00 

30 3.20E-04 3.07E+00 2.49E-04 6.71E+00 7.35E-01 1.09E+01 3.56E-01 1.24E+00 

40 2.87E-04 2.77E+00 2.32E-04 5.53E+00 7.57E-01 8.93E+00 3.63E-01 1.19E+00 

50 3.04E-04 3.97E+00 2.10E-04 8.83E+00 6.53E-01 1.43E+01 3.61E-01 1.92E+00 

60 2.39E-04 3.46E+00 1.91E-04 5.07E+00 5.64E-01 8.18E+00 3.59E-01 9.68E-01 

70 1.87E-04 4.25E+00 1.72E-04 3.13E+00 4.68E-01 4.88E+00 3.64E-01 4.64E-01 

80 1.97E-04 1.15E+01 1.94E-04 5.71E+00 4.57E-01 8.06E+00 3.98E-01 8.01E-01 

90 2.77E-04 2.05E+01 1.97E-04 7.54E+00 5.02E-01 1.12E+01 3.82E-01 1.20E+00 

100 2.23E-04 6.40E+00 1.93E-04 3.06E+00 5.21E-01 4.69E+00 3.72E-01 5.04E-01 

max 
 

2.05E+01 
 

9.15E+00 
 

1.52E+01 4.36E-01 1.92E+00 

min 
 

8.53E-01 
 

1.07E+00 
 

1.40E+00 3.41E-01 1.74E-01 
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A2 LabView program block diagram 

 

Figure 25 Overview of of the LabView program used to generate the HPPC-test and collect data. The time control loop is telling the power supply/load loop what current should be applied to 
the battery cell. The measurement control collects voltage and current data from the measurements 
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