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I. Introduction 

 

The battery market is one of the fastest growing markets in recent years as we are 

becoming more and more dependent on technologies that rely on battery storage. Consequently, 

there is a need for the performance of these rechargeable batteries to be as efficient and reliable as 

fundamentally possible. The two most common metrics for measuring the capabilities of a battery 

are state of charge (SOC) and state of health (SOH). The SOC metric reports the amount of 

energy remaining in the battery as compared to when the battery was at it maximum energy 

potential. The SOH metric, ideally, is a subjective method able to inform the battery user with the 

overall condition and performance capabilities to be expected of the battery.  

 

However, there is a great deal of uncertainty associated with being able to accurately report the 

SOH of a battery over its lifetime as there is no universal definition of SOH. Many of the current 

SOH solutions require bulky and expensive equipment that is not viable for use on most battery 

management systems. As a result, a lightweight, compact, low power, and inexpensive solution 

must be found for a real-time SOH monitor to be attached to a deployable battery. 

 

II. Problem Statement 

 

Through an extensive review of relevant literature, it has been determined that 

Electrochemical Impedance Spectroscopy (EIS) is the most effective solution for characterizing 

the performance of batteries. The basic principle of EIS is to input an excitation signal into the 

battery and observe the characteristic response. The proper implementation of EIS on board in 

real-time would greatly improve the overall effectiveness of a battery management system by: 

enhancing accuracy of SOC and SOH measurements, fine tuning individual cell balancing, 

extending discharge cycles, shortening charge cycles, and second life benefits. Consequently, 

Sandia National Laboratories has created an EIS board that utilizes the AD5933 impedance 

analyzer to excite a battery and characterize the impedance response on board and in real time. 

 

My objective moving forward in this project will be to write all of the firmware for this EIS 

board, debug and ensure performance of all of the hardware, and have the system functioning at a 

level capable of retrieving the impedance data from a power supply or battery simulator.  

 

 

III. Review of Electrochemical Impedance Spectroscopy  

 

In real world circuits, there exists more than just electrical resistance that opposes the flow of 

the electrical current. These circuits possess a more complex and general circuit parameter known 

as impedance. Impedance can be defined similarly to resistance as the ability of a circuit to resist 

the flow of the current in the system. However, impedance differs from resistance in ways such 

as: impedance does not follow Ohm’s law at all voltage and current levels, impedance is 

dependent on frequency, and the AC current and voltage will not be in phase with each other.  

Electrochemical impedance is typically found by exciting an electrochemical cell with a 

small sinusoidal (AC) and measuring the generated response. For instance, a small sinusoidal 

current input will yield an approximately sinusoidal voltage response due to the linearity of the 

system, with a shift in phase. The complex impedance can be calculated as the ratio between the 

voltage and current at a specific frequency:    𝑍(𝑤) =
𝑉(𝑤)

𝐼(𝑊)
 

This complex impedance can be broken into two parts: real and imaginary impedance. The 

magnitude and phase of the impedance can also be useful parameters in characterizing the 

battery. The spectroscopy part of EIS can be obtained by performing the measurement described 
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above for many frequencies, creating an impedance spectrum. This is the function of the AD5933 

impedance converter and network analyzer described later in this document.  

Furthermore, EIS offers a wealth of information on battery systems and can be used to track 

changes in battery health characteristics under various storage or usage conditions. Application of 

EIS on battery systems include and are not limited to: analysis of state of charge, study of 

reaction mechanisms, change of active surface area during operation, separator evaluation, 

passivating film behavior, separation and comparison of electrode kinetics on each electrode, 

identification of possible corrosion processes, and investigation of the kinetics at each electrode. 

For our purposes, we will be utilizing EIS to generate frequency response and Nyquist curves 

from the complex impedance that is calculated on board and in real time with the objective of 

obtaining data that is similar with the established results for this procedure on computerized 

simulations.  

 

 
Figure 1: Frequency Response and Nyquist Plots [5] 
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IV. Functional Description  

 

 

 

 
 

 

Figure 2: High Level EIS Block Diagram 
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Figure 3: EIS Software Functionality Block Diagram 
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Figure 4: Process of Programming the AD5933 
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V. Technical Specifications 

 

A. AD5933 [28] 

Features Summary: 

 Programmable output p2p excitation voltage to a maximum frequency of 100 kHz 

 Programmable frequency sweep capability with serial I2C interface 

 Frequency resolution of 27 bits (<0.1 Hz) 

 Impedance measurement range from 1 kΩ to 10 MΩ 

 Capable of measuring of 100 Ω to 1 kΩ with additional circuitry 

 Internal temperature sensor (±2°C) 

 Internal system clock option 

 Phase measurement capability 

 System accuracy of 0.5% 

 2.7 V to 5.5 V power supply operation 

 Temperature range: −40°C to +125°C 

 16-lead SSOP package 

 Qualified for automotive applications 

General Notes: 

 Combines on board frequency generator with 12 bit ADC 

 Allows for external impedance to be excited by known frequency 

 ADC samples the response from impedance 

 DFT of response is performed by on-board DSP engine 

 Needs calibration for accurate use 

 Needs extra buffer circuitry for impedance 100Ω -1 kΩ 

Additional Notes: 

 We will need to figure out how long the initial settling time needs to be, which I expect to 

be driven by the response of the battery as well as the AC coupling filter to the input of 

the ripple sense amplifier, which has an RC time constant of 0.484s (it was required to be 

this slow so that it works down to 10Hz) 

 AD5933 defaults into power-down mode (0xA000) 

 AD5933 can also measure temperature 

 AD5174 also has permanent memory that stores 50 set points (loops through each point, 

can only be written to once) 

 We will need to calibrate at whatever ranges we want to determine the gain factor (for 

calculating the actual impedance for the real and imaginary data in the registers). 

 Possible use of internal clock if frequency accuracy is not essential 

Summary of Gains: 

 AD5933 output amplitude options: 0.198, 0.383, 0.97, 1.98 Vpk-pk (~3% tolerance) 

(corresponds to output offset options of 0.173, 0.31, 0.76, 1.48V). 

 This is then multiplied by 0.6 (buffered voltage divider with 1% resistors).  This is then 

converted to a current through the battery by a transimpedance amplifier with a gain of 

2A/V (1%) 
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 Overall transimpedance gain from the AD5933 output to the current through the battery 

is 1.2A/V. 

 The battery voltage ripple is AC coupled to the AD8421 instrumentation amplifier, 

whose gain is set by the AD5174 10-bit 10kΩ rheostat.  The gain of the amplifier is 

GR

k
G




9.9
1 , where RG is the resistance of the rheostat, which makes the gain 

G
G

RD
R

D
k

k
G
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10

299.0
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2
10

9.9
1 , where D is the value of the AD5174 RDAC 

wiper register.  The amplified signal is then amplified by the programmable gain 

amplifier inside the AD5933 by a factor of 5x or 1x. 

 

 

Figure 5: AD5933 Block Diagram 

Usage Notes: 

 Frequency (f) sweep is performed with user-defined start f, f resolution, number of 

points. 

 DFT for each point in the sweep. The multiplication is accumulated over 1024 samples 

for each individual frequency point. Two 16-bit registers will hold the real and imaginary 

parts of the result in twos complement format. 

 Impedance calculation done by taking magnitude of real and imaginary parts 

 

Example Usage of AD5933 [5]:  

 Combines AD5933 with ARM controller and peripheral circuitry to do EIS. 
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 Our main point of difference from this work is that they do all of their post-processing on 

a computer whereas we want to do ours on board to be able to send the State of Health 

metric back to the user in real-time.  

 Their design was also too bulky for our applications so our board design is in a more 

fitting form factor.  

 If we can get on-board results to match that of this paper’s experimental data then we 

know we are on the right track.  

 

 

B. AD5174 [29] 

 

Features Summary: 

 50-times programmable wiper memory 

 SPI-compatible interface 

 Single-channel, 1024-position resolution 

 Nonvolatile memory in compact package 

General Applications: 

 Mechanical rheostat replacements 

 Variable gain control 

 Programmable voltage to current conversions 

 Sensor Calibration 

 

 

 
Figure 6: Functional Block Diagram of AD5174 
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VI. Schedule 

 

November: 

1. Awaiting shipment of EIS Board 

2. Project Proposal Draft (11/6/18) 

3. Project Presentation Draft (11/13/18) 

4. Presentation Practice 

5. Project Proposal Final (11/27/18) 

6. Project Presentation Final (11/29/18) 

 

 December: 

1. Website Development 

2. Release Project Website (12/6/18) 

3. Firmware Development 

 

 January: 

1. Firmware Development 

 

 

 February: 

1. Firmware Development 

2. Self-Check (2/19/19) 

 March: 

1. Firmware Development 

2. Progress Evaluation (3/5/19) 

3. Expo Registration (3/15/19) 

 

 April:  

1. Firmware Development  

2. Final Report Draft (4/5/19) 

3. Expo Abstract (4/5/19) 

4. Poster Print (4/11/19) 

5. Project Conference Abstract (4/12/19) 

6. Expo Poster Setup (4/16/19) 

7. Expo Poster Judging (4/17/19) 

8. Final Presentation Draft (4/23/19) 

 

May: 

1. Senior Project Conference (5/4/19) 

2. All Deliverables (5/7/19) 
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