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ABSTRACT
Battery is the most widely used energy storage device. Since its invention, it has become a common power source for various household, commercial and industrial applications. Despite its ever increasing importance, many challenges remain unsolved to characterize and manage the battery. Among them, one fundamental issue is the estimation of state of charge (SoC). SoC, expressed in percentage, refers to the amount of capacity available in a battery. SoC is critical for modeling and managing batteries. If SoC is 100%, reflects a full battery and if SoC is 0%, reflects an empty battery.

Information on SoC can be used to control charging and discharging process of the batteries. A good SoC estimation offers many advantages such as longer battery life, better battery performance and increased reliability of battery pack. There are several methods for determining SoC. Some of the popular methods are Coulomb counting, Voltage estimation and Impedance measurement method. There have been many attempts in literature to estimate SoC by synthesizing circuit models based on measured voltage and current at battery terminals. The final goal of any SoC algorithm is to predict the remaining capacity accurately. Developing efficient yet accurate SoC estimation algorithms remains a challenging task.

This project aims at developing a novel method to estimate the SoC and remaining runtime of a rechargeable battery which overcomes the drawbacks of existing methods. The proposed method is based on renowned Coulomb Counting technique. The proposed method predicts the SoC by Coulomb Counting method and corrects it using PI controller by employing a closed loop to estimate actual SoC. The proposed method is simple and easy to implement. The SoC as well as remaining runtime are estimated accurately. 

Based on the new method, a model is developed using MATLAB/SIMULINK. The code corresponding to develop model is dumped in a target PC and is run in real time for online estimation of SoC. The required parameters such as voltage and current at the battery terminals are acquired by target PC and SoC is estimated. Estimated SoC and remaining runtime are used for control the charging and discharging process of the battery. A hardware test bench is developed for acquiring voltage and current at the battery terminals for online estimation of SoC.
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ACU		-	Adaptive Control Unit
AIO		-	Analog Input Output
CC		-	Constant Current
CV		-	Constant Voltage
CCCV		-	Constant Current Constant Voltage
DAQ		-	Data Acquisition
DIO		-	Digital Input Output
EDL		-	Electric Double Layer
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RTSI		-	Real Time System Integration
SCPI		-	Standard Commands for Programmable Instrumentation
SCXI		-	Signal Conditioning Extensions for Instrumentation
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TCP/IP	-	Transmission Control Protocol / Internet Protocol
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ε		-	Error Signal
η		-	Over Potential
CTL		-	Long-Time Capacitance
CTS		-	Short-Time Capacitance
Ibat		-	Battery Terminal Current
KP		-	Proportional Constant of PI Controller
KI		-	Integral Constant of PI Controller
OCVEoD	-	OCV at the End of Discharge
Qnom		-	Nominal Capacity of the Battery
Rser		-	Battery Series Resistance
RTL		-	Long-Time Resistance
RTS		-	Short-Time Resistance
SoCcc		-	SoC Estimated by Coulomb Counting Technique
SoCcf		-	Correction Factor in SoC
SoCe		-	Actual Value of Estimated SoC
SoCEoD	-	SoC at the End of Discharge
SoCi		-	Initial SoC
Tr		-	Remaining Runtime
Vbat,meas	-	Measured Terminal Voltage of the Battery
Vbat,model	-	Terminal Voltage of the Battery Model
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1. [bookmark: _Ref288037306][bookmark: _Toc292283153]BATTERIES
	The modern society relies completely on the fossil fuels such as natural gas, coal and oil for its energetic needs. Their reserves are however limited and the environmental concerns are nowadays haunting the society. The utilization of energy in a sustainable way is the only pursuable solution to cope with these problems. Thus, the conversion and storage of energy is becoming necessary step for global efficiency of the energy generation and utilization process.  Battery is the most widely used energy storage device. An electric battery is a device that converts chemical energy directly into electrical energy. Battery powered applications have become ubiquitous in the modern society. The recent rapid expansion in the use of these applications creates a strong demand for fast deployment of battery technologies at an unacceptable rate. 
[bookmark: _Ref288037330][bookmark: _Toc292283154]Construction
	An electric battery is one or more electrochemical cells connected in series (or) parallel (or) series-parallel combination.
[bookmark: _Ref288037340][bookmark: _Toc292283155]Electrochemical Cell
	An electrochemical cell is a device capable of delivering electrical energy from chemical reactions (or) facilitating chemical reactions through the introduction of electrical energy. The main parts of an electrochemical cell include:
(a) Two half cells
(b) Electrolyte and
(c) Electrodes

(a) Half Cells
		Each half cell consists of a conductive electrode surrounded by a conductive electrolyte. The two half cells may use same electrolyte, (or) they may use different electrolytes. A salt bridge is often employed to provide ionic contact between two half cells with different electrolytes to prevent the solutions from mixing and causing unwanted side reactions. The construction of an electrochemical cell is shown in Figure 1.
 (
Salt Bridge
) (
Half Cell
) (
Half Cell
)[image: ]
[bookmark: _Ref288030803][bookmark: _Ref288032583][bookmark: _Toc292283209]Figure 1: Electrochemical Cell Construction
(b) Electrolyte
		An electrolyte is a substance containing free ions that make the substance electrically conductive. The most typical electrolyte is an ionic solution, but molten electrolytes and solid electrolytes are also possible. Commonly, electrolytes are solutions of acids, bases (or) salts. Electrolyte solutions are normally formed when a salt is placed into a solvent such as water and the individual components dissociate due to the thermodynamic interactions between solvent and solute molecules, in a process called “salvation”. For example, when table salt (i.e.) “NaCl”, is placed in water, the salt dissolves into its component ions, according to the dissociation reaction given below.
NaCl(S)                              Na+(aq) +   Cl-(aq)				(1.1)
	Furthermore, some gases may act as electrolytes under conditions of high temperature (or) low pressure. Electrolyte solutions can also result from the dissolution of some biological and synthetic polymers, termed polyelectrolyte, which contain charged functional groups. Molten salts can also act as electrolytes as well. For instance, when Sodium Chloride is molten, it conducts electricity.

(c) Electrodes
		An electrode is an electrical conductor. An electrochemical cell contains two electrodes with one in each half cell. An electrode in an electrochemical cell is referred to as either an “Anode” (or) a “Cathode”. 	The anode is defined as electrode at which electrons leave the cell and oxidation occurs. In contrast, the cathode is defined as the electrode at which electrons enter the cell and reduction occurs. An electrode may become either anode (or) the cathode depending on the direction of current through the cell. 
[bookmark: _Ref288037351][bookmark: _Toc292283156]Helmholtz Layer
		The Helmholtz layer also called as “Double Layer” (DL) (or) “Electric Double Layer” (EDL) is a structure that appears when an electrode is placed into an electrolyte. Figure 2 shows an example of Helmholtz layer.
[image: ]
[bookmark: _Ref288030896][bookmark: _Ref288032660][bookmark: _Toc292283210]Figure 2: Helmholtz Layer
		The EDL refers to two parallel layers of charge surrounding the electrode. The first layer (i.e.) the surface charge (either positive or negative), comprises ions absorbed directly onto the electrode due to a host of chemical reactions. The second layer comprises ions attracted to the surface charge due to Coulomb force, electrically screening the first layer. The second layer is loosely associated with the electrode, because it is made up of free ions which move in the electrolyte under the influence of electric attraction and thermal motion rather than being firmly anchored. The EDL plays an important role in the operation of batteries. The entire chemical reaction that occurs in an electrochemical cell occurs in this EDL.
[bookmark: _Ref288037358][bookmark: _Toc292283157]REDOX Reaction
REDOX reaction stands for “Reduction-Oxidation” reaction that describes all the chemical reactions that occur in a battery. The term REDOX comes from the two concepts of reduction and oxidation. “Oxidation” is chemical reaction in which an atom loses its electrons and “Reduction” is a chemical reaction in which an atom gains electrons.	
Oxidant + e-                                  Product		(Reduction)	(1.2)
(Electrons Gained; Oxidation Number Decreases)
Reductant                                      Product + e-	(Oxidation)	(1.3)
(Electrons Lost; Oxidation Number Increases)
Figure 3 shows an illustration of REDOX reaction.

[image: D:\Battery\Pics\Redox_reaction.png]
[bookmark: _Ref288051946][bookmark: _Ref288032680][bookmark: _Toc292283211]Figure 3: REDOX Reaction
[bookmark: _Ref288037365][bookmark: _Toc292283158]Principle of Operation
		An electric battery is a device that converts stored chemical energy directly to electric energy. It consists of a number of electrochemical cells, each consisting of two half cells connected in series by a conducting electrolyte. One half cell includes an electrode and an electrolyte. In the REDOX reaction that powers the battery, reduction occurs to cat ions at the cathode and oxidation occurs to anions at the anode. The electrodes do not touch each other but are electrically connected by the electrolyte. Some cells use two half cells with different with different electrolytes. A separator between half cells allow ions to flow, but prevents mixing of electrolyte as shown in Figure 4.
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[bookmark: _Ref288031073][bookmark: _Ref288032692][bookmark: _Toc292283212]Figure 4: Battery Principle of Operation
	
	Each half cell contains a conductive electrode and a surrounding conductive electrolyte separated by a naturally occurring Helmholtz layer (or) EDL. Chemical reactions within this layer momentarily pump electric charges between the electrode and the electrolyte, resulting in a potential difference between them. The typical anode reaction involves a metal atom in the electrode being dissolved and transported as a positive ion across the double layer, causing the electrolyte to acquire a net positive charge while the electrode acquires a net negative charge. The growing potential difference creates an intense electric field within the double layer, and the potential rises in value until the field halts the net charge-pumping reactions. 

	Each half cell has an EMF, determined by its ability to drive electric current from the interior to the exterior of the cell. The net EMF of the cell is the difference between the EMFs of its half cells. Therefore, if the half cells of have EMFs “E1” and “E2”, then the net EMF of cell is given by,
				Net EMF = E1 – E2  					(1.4)
[bookmark: OLE_LINK8]The reaction at the positive electrode (or) anode is given by,
			A (Red+)                           B (Ox+) + n e-				(1.5)

The potential developed at this electrode is given by,

					             (1.6)
The reaction at the negative electrode (or) cathode is given by,
			A (Red+)                           B (Ox+) + n e-				(1.7)

The potential developed at this electrode is given by,

[bookmark: OLE_LINK17][bookmark: OLE_LINK18]						 (1.8)
Then, the overall potential of the cell is given by,

[bookmark: OLE_LINK19][bookmark: OLE_LINK20]                       (1.9)
[bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37]Where, ai = γ. Ci =    γ. mi								(1.10)
			Volume
          γ = Activity Coefficient
            mi = Molar amount of the species

[bookmark: _Ref288037380][bookmark: _Toc292283159]Classification of Batteries
Batteries are broadly classified into two types:
(a) Primary (or) Disposable Batteries
(b) Secondary (or) Rechargeable Batteries
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: _Toc292283160]Primary Batteries
	A primary battery is a battery in which electrochemical reaction is not reversible. A common example of a primary battery is the disposable battery. In a primary battery, the reactants cannot be restored to their initial position and capacity. Primary batteries use up the active materials in one (or) both of their electrodes. Primary batteries are intended to be used once and discarded. They can produce current immediately on assembly. Generally, these batteries have higher energy densities and are used extensively in low drain applications. Primary batteries are commonly used in portable devices that have low current drain.

	Some examples of primary batteries are Alkaline battery, Aluminum battery, Silver Oxide battery, Zinc Carbon battery, Zinc Air battery, Zinc Chloride battery, Lithium battery, Mercury battery etc.
[bookmark: _Ref288037401][bookmark: _Toc292283161]Secondary Batteries
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]	Secondary battery also called as “Rechargeable Battery” is a battery in which the electrochemical reactions are electrically reversible. These batteries can be recharged by applying an electric current, which reverses the chemical reactions that occur during its use. These batteries are designed to be recharged and used multiple times. These batteries must be charged before use. Rechargeable batteries come in many shapes and sizes as shown in Figure 5.

         [image: ] [image: ] [image: ]
[bookmark: _Ref288051993][bookmark: _Ref288032701][bookmark: _Toc292283213]Figure 5: Secondary (or) Rechargeable Batteries

	During charging, the positive active material is oxidized, producing electrons, and the negative material is reduced, consuming electrons. These electrons constitute the current flow in the external circuit. The energy used to charge rechargeable batteries usually comes from a battery charger using AC mains electricity. Chargers take from a few minutes (rapid chargers) to several hours to charge a battery. Every rechargeable battery chemistry supports a different charging method. For instance, a rechargeable Lead Acid battery should be charged with a constant voltage. Charging process plays an important role in preserving the life cycle of the battery. So, over charging (or) reverse charging a rechargeable battery may lead to its damage (or) reduction in its life cycle.

	Rechargeable batteries have lower total cost of use and environmental impact than disposable batteries. They have higher initial cost, but can be recharged very cheaply and used many times. These batteries are used in both high and low drain applications. Rechargeable batteries are used for automobile starters, portable consumer devices, light vehicles such as motorized wheelchairs, golf carts, electric bicycles, and electric forklifts, tools and uninterruptible power supplies. Emerging applications in hybrid electric vehicles and electric vehicles are driving the technology to reduce cost and weight and increase lifetime. Some examples of rechargeable batteries are Lead acid, Nickel Cadmium, Nickel Metal Hydride, Lithium ion, Lithium Polymer, Silver Zinc, Nickel Iron, Lithium Titanate, Lithium Sulphur etc.
[bookmark: _Ref288037412][bookmark: _Toc292283162]Rechargeable Batteries – Types and Comparison
	Rechargeable batteries come in many shapes and sizes ranging from a button cell to megawatt systems. These batteries are available with various chemistries. Some of the commonly used chemistries include:
(a) Lead Acid Battery
(b) Nickel Cadmium (NiCd) Battery
(c) Nickel Metal Hydride (NiMH) Battery
(d) Lithium Ion (Li-ion) Battery
(e) Lithium Polymer (Li-Pol) Battery
(f) Silver Zinc (Ag-Zn) Battery
The above listed chemistries are compared in Table 1.


[bookmark: _Ref288052039][bookmark: _Ref288036665]Table 1: Comparison of Various Rechargeable Batteries
	S.No
	Feature
	Lead Acid
	NiCd
	NiMH
	Li-ion
	Li-Pol
	Ag-Zn

	1
	Cell Voltage (V)
	2.1
	1.2
	1.2
	4.1
	4.1
	1.86

	[bookmark: _Hlk285630635]2
	Specific Energy (MJ/Kg)
	Low
	Low
	Moderate
	High
	High
	Very High

	3
	Cost
	Moderate
	Low
	Low
	High
	Very High
	Very High

	4
	Load
Current
	Peak
	5C
	20C
	5C
	2C
	2C
	30C

	
	
	Best Result
	0.2C
	1C
	0.5C 
or
 Lower
	[bookmark: OLE_LINK29][bookmark: OLE_LINK30]1C 
or
Lower
	1C 
or
Lower
	2C to 3C

	5
	Self Discharge Rate
(Per Month)
	Very Low
	Moderate
	Very High
	[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Low
	Low
	Negligible

	6
	Memory Effect
	No
	Yes
	Yes
	No
	No
	No

	7
	Operating Temp.(˚C)
	-20 to 60
	-40 to 60
	-20 to 60
	-20 to 60
	0 to 60
	-30 to 60

	8
	Internal Resistance
	Low
	Low
	Moderate
	High
	High
	Very Low

	9
	Efficiency (% )
	70 to 92
	70 to 90
	62 to 70
	80 to 90
	85 to 95
	94 to 98

	10
	Recharge Life (Cycles)
	500 
to
800
	1300
  to 
1500
	500 
to
1000
	1000 
to 
1200
	800 
to 
 1000
	>4000

	11
	Environmental Impact
	More
	More
	Less
	Very Less
	Very Less
	Very Less

	12
	Overcharge Tolerance
	More
	Moderate
	Less
	Very Less
	Less
	Less

	13
	Maintenance Req. (Days)
	90 to 180
	30 to 60
	60 to 90
	[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Not Required
	Not Required
	Not Required



Chapter 2 explains about the State of Charge (SoC), factors affecting SoC and various methods for determining SoC with their merits and demerits.
Chapter 3 explains the proposed method for SoC estimation and its implementation.
Chapter 4 explains the MATLAB/Simulink modelling of Coulomb Counting and the proposed method along with the simulation results.
Chapter 5 explains the hardware test bench developed for validating Coulomb Counting and the proposed method.
Chapter 6 explains the various tests performed, test results and comparison of test results.
Chapter 7 gives the conclusion of work done and its future scope.
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[bookmark: _Toc292283163]STATE OF CHARGE
		Battery is the most widely used energy storage device. Since its invention, it has become a common power source for various household and industrial applications. Despite its ever-increasing importance, many challenges remain unsolved to characterize and manage the battery. Among them, one fundamental issue is the estimation of state-of-charge (SoC).
[bookmark: _Ref288038013][bookmark: _Toc292283164]What is SoC?
	State of Charge (SoC) of a battery indicates the capacity remaining inside the battery. SoC is usually expressed in percentage. If SOC is 100%, it indicates that the battery is fully charged. If SoC is 0%, it indicates that the battery is empty. The SoC of a battery is simply calculated as,

[bookmark: OLE_LINK80][bookmark: OLE_LINK81]					(2.1)
[bookmark: OLE_LINK82][bookmark: OLE_LINK83]Where, SoCi = Initial SoC
	Qnom = Nominal Capacity of the battery
	I        = Current flowing through the battery
	
The magnitude of current is taken as positive for discharging process and negative for charging process.
	
SoC determination is an increasingly important issue in battery technology. A precise knowledge of SoC provides additional control over charging and discharging process, which can be employed for better utilization of stored energy. Accurate SoC determination for battery powered applications is also important for user convenience. A good SoC estimation leads to longer battery life, better utilization of stored energy and increased reliability of the battery pack.

	SoC has strong dependency on temperature and age of the battery.  The terminal voltages, operating currents and surface temperatures are the direct measurable parameters of a battery. But, the complex inter-relationship between these parameters makes SoC estimation an intricate task. Many attempts have been made in literature to estimate SoC accurately. Developing efficient yet accurate SoC estimation algorithms remains a challenging task.
[bookmark: _Ref288038023][bookmark: _Toc292283165]Factors Affecting SoC
There are three factors that affect the accurate SoC estimation of a battery. 
· Temperature
· Ageing
· Self-discharge
[bookmark: _Ref288038106][bookmark: _Toc292283166]Temperature Effect on SoC
	The chemical reactions that occur in a battery are temperature dependent. So, the SoC of a battery is affected by its operating temperature. The operating temperature of a battery is decided by current flowing in (or) out of the battery. As the temperature varies, the SoC of a battery also varies. The operating temperature of a battery is a major factor that affects its SoC estimation. So, in order to determine the SoC of a battery accurately, the estimation algorithm should incorporate the temperature effect.
[bookmark: _Ref288038133][bookmark: _Toc292283167]Ageing Effect on SoC 
When the battery is being used repeatedly, the performance of the battery deteriorates. There is a separate parameter to monitor the effects of this aging which is known as the State of Health (SoH) of the battery. As the battery ages, the nominal capacity of the battery decreases and the impedance of the battery increases. This is because of the sulfate formation on the plates of the electrodes in the battery which decreases the net concentration of the electrolyte concentration in the battery. This reduces the full-charge capacity of the battery which in turn affects the SoC calculations. Since the nominal capacity of a battery has a direct relation with the SoC, it affects SoC estimation. The impedance with increases with age also effects the SoC estimation of a battery.
[bookmark: _Ref288038174][bookmark: _Toc292283168]Self-discharge Effect on SoC 
	Self-discharge is a phenomenon in batteries in which internal chemical reactions reduce the stored charge of the battery without any connection between the electrodes. In addition to the charge being put into and taken out of the battery during the normal charge - discharge process, the continuing long term effect of self discharge consuming the available energy in the cell must also be taken into account. This becomes more significant the longer the periods between charging. Self-discharge decreases the shelf-life of batteries and causes them to have less charge than expected when actually put to use. Since the self-discharge of a battery is abnormal behaviour, it also affects the SoC estimation.  
[bookmark: _Ref288038047][bookmark: _Toc292283169]SoC Estimation Methods
There are three methods existing in literature for SoC estimation of a battery.
· Direct Measurements 
· Book-Keeping Systems
· Adaptive Systems
[bookmark: _Ref288038208][bookmark: _Toc292283170]Direct Measurements
[bookmark: OLE_LINK74]	The direct measurement method is based on a reproducible and pronounced relation between a measured battery variable and the SoC. This battery variable should be electrically measurable in the practical set-up. Examples of such battery variables are battery terminal voltage “V” and battery impedance “Z”. Most relations between battery variables depend on the temperature “T”. Therefore, besides the voltage (or) the impedance, the battery temperature should also be measured. The relation “fTd” is between the measured battery variable and the SoC, can be stored in the system. The basic principle for SoC estimation based on direct measurement is shown in Figure 6.
[image: ]
[bookmark: _Ref288052153][bookmark: _Ref288032711][bookmark: _Toc292283214]Figure 6: SoC Estimation by Direct Measurements Method
[bookmark: OLE_LINK79]The SoC of a battery can be estimated by using the following relation,
[bookmark: OLE_LINK75]			SoC	=	fTd (V, Z)					(2.2)
Advantages
· [bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK78]The main advantage of a system based on direct measurement is that it does not have to be continuously connected to the battery. The measurements can be performed as soon as the battery has been connected, after which the SoC can be directly inferred from the relation “fTd”.
· The direct measurement method is very easy to implement.
· The direct measurement method is applicable to any kind of battery chemistry.
Disadvantages
· Difficult to obtain the function “fTd”, which can describe the relation between measured battery variable and the SoC under all applicable conditions.
· Doesn’t account for the age the age of the battery. 
· Continuous battery monitoring and SoC estimation is not possible.
· Battery’s operation should be interrupted in order to determine SoC.
[bookmark: _Ref288038217][bookmark: _Toc292283171]Book-Keeping Systems
		Book-Keeping systems are based on current measurement and integration. This method is also known as “Coulomb Counting” method, which literally means “counting the charge flowing into (or) out of the battery. This yields an accurate SoC estimation when all the charge applied to the battery can be retrieved under any condition and at any time. The basic principle for SoC estimation based on book-keeping system is shown in the Figure 7.
[image: ]
[bookmark: _Ref288052212][bookmark: _Ref288032725][bookmark: _Toc292283215]Figure 7: SoC Estimation Based on Coulomb Counting Method

The SoC of a battery can be estimated by using the following relation,

		   		(2.3)
Where, SoCi = Initial SoC
	Qnom = Nominal Capacity of the battery
[bookmark: OLE_LINK84]	I        = Current flowing through the battery (“+” for discharging and “-” for charging)

Advantages
· This method yields accurate SoC estimation with flawless current measurement.
· This method is very easy to implement.
· This method can be applied to any kind of battery chemistry.
· Continuous monitoring and online estimation of battery SoC is possible with this method
Disadvantages
· Results in a large error due a small flaw in current measurement as the error gets integrated.
· SoC is estimation is affected by change in “Qnom” with age.
· Results in error if the initial SoC is not estimated properly.
[bookmark: _Ref288038237][bookmark: _Toc292283172]Adaptive Systems
The main problem in designing an accurate SoC indication system is the unpredictability of both battery and user behaviour. Battery behaviour depends strongly on conditions, including age, some of which may be unanticipated. Moreover, spread in behaviour of batteries of the same type and batch makes life more difficult. A possible solution is to add adaptivity to a system based on direct measurement, book-keeping or a combination of the two. The basic principle of adding adaptivity to a SoC estimation system is depicted in Figure 8.
[image: ]
[bookmark: _Ref288052294][bookmark: _Ref288032731][bookmark: _Toc292283216]Figure 8: SoC Estimation Using Adaptive Systems
The measured battery variables Ibat, Tbat and Vbat are the inputs of this model, which estimates battery behaviour in the form of output vector Ym on the basis of these inputs. Vector Ym contains at least the SoC, but could also contain additional battery variables, such as an estimated value of the battery impedance. Another possibility would be to estimate the battery voltage on the basis of the Ibat and Tbat measurements, and to compare this estimated value with the measured value Vbat. This method may use direct measurement method (or) book-keeping method (or) a combination of the two. The system starts with a basic set of information, which describes standard battery behaviour for the type of battery concerned.

Adaptivity of the model is based on a comparison of Ym with observed battery behaviour in the form of vector Yb. This comparison is made whenever possible. It results in an error signal “”, which is input to an Adaptive Control Unit (ACU). The unit updates the information in the model by updating parameter values or even by changing the model description. As a result, the model is adapted on the basis of behaviour specific to the battery to which the system is connected and the error between estimation and observation is minimized.
Advantages
· SoC can be estimated accurately considering the age, temperature and some other unanticipated conditions.
· The nominal capacity and the battery parameters are estimated with age and temperature.
· Online estimation of SoC is possible.
·  Adaptivity can be added and SoC can be estimated for any kind of battery chemistry.
Disadvantages
· Adaptivity is very difficult to implement.
· Needs strong hypothesis on battery model.
· Large amount of memory is required in real world applications.
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[bookmark: _Ref288038255][bookmark: _Toc292283173]THE PROPOSED METHOD FOR SoC ESTIMATION
		SoC estimation is an increasingly important issue in battery technology. This thesis presents a new algorithm for SoC estimation of a rechargeable battery. The proposed method estimates the SoC of a battery based on book-keeping, direct measurement and model-based approaches.
[bookmark: _Ref288038267][bookmark: _Toc292283174]The Proposed Method
The SoC estimated from Coulomb counting can include a large error due to flaws in terminal current measurement and/or initial SoC estimation. To recalibrate the SoC estimated by Coulomb counting method, a method combining Coulomb counting, direct measurement and model-based approach is proposed. The block diagram of the proposed method is shown in Figure 9. 
[image: ]
[bookmark: _Ref288052335][bookmark: _Ref288032754][bookmark: _Toc292283217]Figure 9: Block Diagram of the Proposed Method
The measured current and voltage at the battery terminals are summed with an offset to obtain accurate measurement values. The measured current “I” is integrated with time. The procedure for obtaining “SoCi” is explained in the next section. Then the SoC is estimated using Coulomb Counting method as explained by equation 2.1. The corresponding Open-Circuit Voltage (OCV) for the SoC estimated by Coulomb counting method is obtained from an OCV-SoC relationship. The procedure for obtaining OCV-SoC relationship is explained in the next section. 

The voltage “OCV (SoC)” and battery current “I” are applied to the battery model and terminal voltage “Vbat, model” is obtained. The proposed battery model is explained in the next section. The parameters of the battery model such resistances and capacitances change with age and temperature. The procedure for capturing parameters of the battery model is also explained in the next section.  

The terminal voltage obtained from the battery model (i.e.) “Vbat, model” is compared with the measured terminal voltage “Vbat”. The error “ε” in the terminal voltage is processed by a controller producing a correction factor “SoCcf”. This correction factor is summed with the SoC determined from Coulomb counting method to estimate the accurate state-of-charge “SoCe”. The method for designing and tuning a controller is presented in the next section.
[bookmark: _Ref288038278][bookmark: _Toc292283175]Implementation
The implementation of proposed method is explained in the following subsections.
[bookmark: _Ref288038295][bookmark: _Toc292283176]OCV – SoC Relationship
The state-of-charge (SoC) of battery has a pronounceable relationship with its open-circuit voltage (OCV).  A typical OCV-SoC curve for Li-Io cell is shown in Figure 10.
[image: ]
[bookmark: _Ref288052364][bookmark: _Ref288032763][bookmark: _Toc292283218]Figure 10: OCV – SoC Curve of Li-Ion Cell
The OCV – SoC relationship can be determined from a discharge test. During the test, battery is discharged with a constant C-rate for certain period and is allowed to rest for some time interval. This allows battery to stabilize its internal chemical reaction after the discharge. Then, the voltage is measured across the battery terminals which is equal to the battery’s OCV. The test is performed until the OCV reaches the End-of-Discharge (EOD) voltage. From the test data obtained, the relation between SoC and OCV can be obtained from any of the available curve-fitting techniques.
			OCV = f (SoC)					(3.1)	
[bookmark: _Ref288038306][bookmark: _Toc292283177]Battery Model
There are many models available in literature for battery modeling. An accurate, intuitive and comprehensive battery model is proposed as shown in Figure 11. The self-discharge of a battery is usually represented by a resistor. But, the battery considered for this project is a Li-Polymer battery. Since, the self-discharge of a battery is usually negligible; this resistor is neglected for the analysis.
[image: ]
[bookmark: _Ref288052485][bookmark: _Ref288032769][bookmark: _Toc292283219]Figure 11: The Proposed Battery Model

		The proposed battery model consists of a dependent voltage source “OCV (SoC)”, a series resistance “Rser” and two parallel RC circuits to represent the dynamics of the battery. The series resistance represents the resistance of electrodes and contacts. The first RC circuit “RTS” and “CTS” represent the short-time transient resistance and capacitance respectively. The second RC circuit “RTL” and “CTL” represent the long-time transient resistance and capacitance respectively. The voltage source is modeled as dependent source because the voltage developed depends on the charge present inside the battery. With no current flowing through the battery, the OCV is equal to the terminal voltage of the battery.

	The model parameters can be obtained from a discharge test using pulse current profile as shown in Figure 12.
[image: ]
[bookmark: _Ref288052486][bookmark: _Ref288032775][bookmark: _Toc292283220]Figure 12: Li-Polymer Terminal Voltage and Current with Pulse Profile

		Whenever a battery discharges with pulse current, there will be a plunge in its voltage profile as shown in Figure 13.
[image: ]
[bookmark: _Ref288052487][bookmark: _Ref288032788][bookmark: _Toc292283221]Figure 13: Voltage Profile Due to Pulse Discharge Current Profile
 		The voltage profile of a battery when discharged with a pulse current profile can be used to determine the parameters of a battery by using the following relations.
Series Resistance
The series resistance of a battery is given by,
			Rser	= 	Instantaneous Voltage Change (∆Vinst)		(3.2)
					   Change in Battery Current (∆Ibat)
Short-Time Transient Resistance
The short-time transient resistance is given by,
			RTS	=	Short-Time Voltage Change (∆VTS)			(3.3)
				              Change in Battery Current (∆Ibat)
Short-Time Transient Capacitance
The short-time transient capacitance is given by,
			CTS	=	          Short-Time Constant (TTS)			(3.4)
				            Short-Time Transient Resistance (RTS)
Long-Time Transient Resistance
The long-time transient resistance is given by,
			RTL	=	 Long-Time Voltage Change (∆VTL)			(3.5)
					   Change in Battery Current (∆Ibat)
Long-Time Transient Capacitance
The long-time transient capacitance is given by,
			CTL	=	          Long-Time Constant (TTL)			(3.6)
				            Long-Time Transient Resistance (RTL)
[bookmark: _Ref288038322][bookmark: _Toc292283178]Battery Model Terminal Voltage
		From the equation 3.1, the OCV corresponding to the “SoCcc” estimated by Coulomb Counting method is determined. This OCV acts as input voltage to the battery model as shown in Figure 14. 
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[bookmark: _Ref288052501][bookmark: _Ref288032800][bookmark: _Toc292283222]Figure 14: Determination of Battery Model Terminal Voltage

		The OCV along with the measured battery current “Ibat” is used for determining the battery terminal voltage “Vbat, model” which is given by,

			Vbat, model = OCV (SoC) – {[Rser+K1+K2] * Ibat}			(3.7)
Where,
		K1 =		RTS
			    1 + S RTS CTS
		K2 =		RTL
			    1 + S RTL CTL
		Ibat = 	 Battery Current
		The magnitude of battery current is taken as positive for discharging and negative for charging. When the battery current is zero (ie) in equilibrium state, the OCV is equal to its terminal voltage. The total potential drop that occurs in a battery due to its impedance is also known as “Over Potential” (OVP) denoted by “η” which is given by,
			
			η = [Rser+K1+K2] * Ibat						(3.8)
[bookmark: _Ref288038336][bookmark: _Toc292283179]Controller
A proportional–integral–derivative controller (PID controller) is a generic control loop feedback mechanism widely used in industrial control systems – a PID is the most commonly used feedback controller. A PID controller calculates an "error" value as the difference between a measured process variable and a desired set point. The controller attempts to minimize the error by adjusting the process control inputs.

The PID controller calculation involves three separate parameters, and is accordingly sometimes called three-term control: the proportional, the integral and derivative values, denoted P, I, and D. Heuristically, these values can be interpreted in terms of time: P depends on the present error, I on the accumulation of past errors, and D is a prediction of future errors, based on current rate of change. The weighted sum of these three actions is used to adjust the process via a control element such as the position of a control valve or the power supply of a heating element.

In the absence of knowledge of the underlying process, a PID controller is the best controller. By tuning the three constants in the PID controller algorithm, the controller can provide control action designed for specific process requirements. The response of the controller can be described in terms of the responsiveness of the controller to an error, the degree to which the controller overshoots the set point and the degree of system oscillation. Note that the use of the PID controller for control does not guarantee optimal control of the system or system stability.

Some applications may require using only one or two modes to provide the appropriate system control. This is achieved by setting the gain of undesired control outputs to zero. A PID controller will be called a PI, PD, P or I controller in the absence of the respective control actions. PI controllers are fairly common, since derivative action is sensitive to measurement noise, whereas the absence of an integral value may prevent the system from reaching its target value due to the control action.
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[bookmark: _Ref288032802][bookmark: _Toc292283223]Figure 15: PI Controller in Proposed Algorithm
The error signal produced is given by,
			ε = Vbat, meas – Vbat, model 					(3.9)
The actual SoC estimated i.e. SoCe is given by,
			SoCe = SoCcc + SoCcf						(3.10)	

The correction factor produced by the PI controller is given by,
                                    SoCcf  =     Gc(s). ε						(3.11)
Where, Gc(s) = Transfer Function of the PI Controller

For instance, the SoC estimated by Coulomb Counting method “SoCcc” is higher than the true value of SoC, and then the OCV calculated as a function SoC will be higher. So, this leads to a higher calculated value of battery terminal voltage “Vbat ,model”. When “Vbat ,model” is compared with actual measured value “Vbat, meas”, the error will be negative and the corresponding correction factor produced by the PI controller will also be negative. This correction factor is summed up with “SoCcc” value which reduces the estimated SoC i.e. “SoCe”. This process repeats until the value of error reaches zero and the value of SoC reaches a steady state value. 

If the SoC estimated by Coulomb Counting method “SoCcc” is lower than the true value of SoC, and then the OCV calculated as a function SoC will be lower. So, this leads to a lower calculated value of battery terminal voltage “Vbat, model”. When “Vbat, model” is compared with actual measured value “Vbat, meas”, the error will be positive and the corresponding correction factor produced by the PI controller will also be positive. This correction factor is summed up with “SoCcc” value which increases the estimated SoC i.e. “SoCe”. This process repeats until the value of error reaches zero and the value of SoC reaches a steady state value.

The PI controller is tuned as per the requirements such as settling time and steady state error. This is done by using “Simulink Response Optimization” toolbox which is available in MATLAB/Simulink. The tuned parameters thus obtained are used in the MATLAB/Simulink model during simulation.
[bookmark: _Ref288038365][bookmark: _Toc292283180]Remaining Runtime (Tr)
	The remaining runtime “Tr” is the time after which terminal voltage of the battery falls below the “End-of-Discharge” (EoD) voltage. The remaining runtime determines the time for which the battery can be discharged. The battery can be discharged beyond this time which is usually called as “Deep Discharge” which decreases the life of the battery. In order to improve battery life, estimating the remaining runtime is a good practice. Consider the discharge curve of battery as shown in Figure 16.
[image: ]
[bookmark: _Ref288053145][bookmark: _Ref288032803][bookmark: _Toc292283224]Figure 16: Remaining Runtime Estimation
	Let the present operating point be “A” and “B” is the operating point at which the terminal voltage falls below the EoD voltage as shown in the figure 3.8. Then, the remaining runtime of a battery can be determined from the knowledge of estimated SoC i.e. “SoCe”, over potential “η” and the battery discharge current “Ibat”. The OVP for a discharge current “Ibat” is given by,
		η(Ibat) = ηser(Ibat) + ηTS(Ibat) + ηTL(Ibat)					(3.12)
Where,
	ηser 	= OVP due to Rser
	ηTS 	= OVP due to RTS
	ηTL 	= OVP due to RTL
For a known EoD voltage and measured OVP, the OCV can be calculated as,
		OCV(EoD) = V(EoD) + η(Ibat)						(3.13)

The corresponding SoC at the EoD is given by,
		SoC(EoD)  = f (OCV(EoD))						(3.14)

Then, the remaining runtime “Tr” is calculated as,
		Tr = 	[SoCe – SoC(EoD)] * Qnom					(3.15)	
				     Ibat
Where, 
	Qnom		=	Nominal Capacity of the Battery
	SoC(EoD)	=	SoC at End of Discharge (EoD)
	Ibat		=	Battery Current
		
	SoCe		=	Actual estimated SoC
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[bookmark: _Ref288038445][bookmark: _Toc292283181]MATLAB/SIMULINK MODELLING
	The algorithm proposed and discussed in the previous chapter is modeled using MATLAB/Simulink tool. This chapter explains the modeling of proposed algorithm using MATLAB/Simulink tool. This chapter also provides the simulation results for Coulomb Counting technique and proposed technique for pulse discharge current profile. 
[bookmark: _Ref288038457][bookmark: _Toc292283182]Modelling and Simulation
The simulation is the manipulation of model in such a way that it operates on time or space to compress it, thus enabling one to perceive the interaction that would not otherwise be apparent because of their separation in time or space.

	Modeling and Simulation is a discipline for developing a level of understanding of the interaction of the parts of a system and of the system as a whole. A model is a simplified representation of the actual system intended to promote understanding. The model is good model or not depends on the extent to which it promotes the understanding. All the models are simplification of reality, there is always trade off level of details included in the model. 

	A simulation refers to computerized version of the model run over time to study the implication of the defined interactions. Simulations are generally iterative in the development. 

	The MATLAB/Simulink is an environment for multi-domain simulation and model based design for dynamic and embedded systems. This tool supports for customizable set of libraries for design, simulation and testing.
[bookmark: _Ref288038474][bookmark: _Toc292283183][bookmark: OLE_LINK43][bookmark: OLE_LINK44]MATLAB/Simulink Model of Coulomb Counting Method
[bookmark: OLE_LINK45][bookmark: OLE_LINK46]	The MATLAB/Simulink model of Coulomb Counting technique is shown in Figure 17. The capacity of the battery is considered to be 44Ah. The initial SoC is assumed to be 100%. A discharge current of pulse profile with a magnitude of 10A is assumed as shown in Figure 18. The model is simulated for 20000 seconds and the SoC and remaining runtime are estimated as shown in Figure 19 and Figure 20.
[image: ]
[bookmark: _Ref288053221][bookmark: _Ref288032827][bookmark: _Toc292283225][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK50]Figure 17: MATLAB/Simulink Model of Coulomb Counting Method
[bookmark: _Ref288038484][bookmark: _Toc292283184]Simulation Results for Coulomb Counting Method
The discharge current profile is of pulse type as shown in the Figure 18.
[image: ]
[bookmark: _Ref288053253][bookmark: _Ref288032829][bookmark: _Toc292283226][bookmark: OLE_LINK51][bookmark: OLE_LINK52]Figure 18: Simulation Results for Battery Current Profile
[bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK55]	The simulation result for SoC estimated by Coulomb Counting method is shown in Figure 19.
[image: ]
[bookmark: _Ref288053279][bookmark: _Ref288032831][bookmark: _Toc292283227][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK56]Figure 19: Simulation Result for SoC Estimation by Coulomb Counting Method
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]	The simulation result for remaining runtime estimated by Coulomb Counting method is shown in Figure 20.
[image: ]
[bookmark: _Ref288053301][bookmark: _Ref288032833][bookmark: _Toc292283228][bookmark: OLE_LINK61][bookmark: OLE_LINK62]Figure 20: Simulation Result for Runtime Estimation by Coulomb Counting Method
[bookmark: _Ref288038492][bookmark: _Toc292283185]MATLAB/Simulink Model of the Proposed Method
	The MATLAB/SIMULINK model of Coulomb Counting technique is shown in Figure 21. The controller employed is a PI controller. The battery model parameters are obtained from discharge tests as explained in Section 3.2.2 and tabulated in Table 2. The correction factor obtained from the controller is summed up with the SoC obtained from Coulomb Counting technique. From the estimated SoC, the remaining runtime is estimated as explained in Section 3.2.5.
[image: ]
[bookmark: _Ref288053325][bookmark: _Ref288032834][bookmark: _Toc292283229]Figure 21: MATLAB/Simulink Model of Proposed Method
	The proportional and integral constants of the PI controller are obtained by tuning. The tuning of these parameters is done using the Simulink Response Optimization toolbox. The above model is run in real-time where the battery current and voltage are acquired from the hardware test bench explained in the next chapter. Then, the SoC and remaining runtime are estimated online.
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[bookmark: _Ref288038508][bookmark: _Toc292283186]HARDWARE TEST SETUP
	The proposed algorithm is validated on a sophisticated hardware test bench. This part of the thesis will explain the hardware test set up used for validating the proposed algorithm. 
[bookmark: _Ref288038522][bookmark: _Toc292283187]Block Diagram
The block diagram of the hardware test set up is shown in Figure 22.
[image: ]
[bookmark: _Ref288053355][bookmark: _Ref288032836][bookmark: _Toc292283230]Figure 22: Block Diagram of Hardware Test Setup
[bookmark: _Ref288038533][bookmark: _Toc292283188]Battery
The battery used for validating the proposed algorithm is a Lithium-Polymer battery. Li-Poly battery chemistry has many advantages. The major advantage of Li-Pol battery is its negligible self-discharge. Since, the proposed algorithm doesn’t account for self-discharge; it would be advantageous for estimating the SoC accurately. The battery is enclosed in a separate chamber which is provided with cooling facilities. This is to ensure that the operating temperature of the battery remains almost constant.
[bookmark: _Ref288038547][bookmark: _Toc292283189]Programmable DC Supply
The test setup shown in figure 5.1 can be used to estimate SoC for any battery chemistry. Since, different battery chemistry demands for a different charging regime, a programmable DC supply is used. For instance, Li-Pol battery should be charged using Constant Current Constant Voltage (CCCV) principle. So, this DC supply can be programmed for different voltages and currents as required for battery charging. 

The programmable DC supply can be programmed using SCPI commands. This DC supply is controlled from the hyper terminal of the host PC. Using SCPI commands it is possible to set the output voltage and currents of the DC supply. This DC supply can be operated in Constant Current (CC) mode and Constant Voltage (CV) mode as required. The DC supply employed in this test bench is a 60V, 250A load.
[bookmark: _Ref288038561][bookmark: _Toc292283190]Programmable Electronic Load
The battery has to be tested with various discharge current profiles. So, a programmable load is used for this purpose. This load can be controlled from the hyper terminal of the host PC. Using SCPI commands it is possible to configure the load for sinking required currents with required voltage. The load employed in this test bench is 9000W load which consists of five banks each of 1800W stacked in parallel.
[bookmark: _Ref288038573][bookmark: _Toc292283191]Contactor Panel
The internal circuit of a contactor panel is shown in Figure 23. 
[image: ]
[bookmark: _Ref288053414][bookmark: _Ref288032838][bookmark: _Toc292283231]Figure 23: Internal Circuit Diagram of Contactor Panel
The contactor panel consists of three contactors K1, K2 and K3 used to connect the battery, DC supply and load to a common bus bar. These contactors can be driven from the host PC using Opto 22 modules and relays. The drive signals for these contactors are obtained from signal conditioning box which in turn receives the command signals from the target PC. The contactor panel also consists of current transducers for sensing various currents flowing in the circuit.The currents flowing in the circuit are sensed by using current transducer. The current transducer gives a voltage output proportional to current flowing. This voltage is routed to target PC by using Signal Conditioning Box (SCB) and DAQ devices. The voltages at various points in the circuit are routed directly to the SCB and are acquired by target PC using DAQ device.
[bookmark: _Ref288038587][bookmark: _Toc292283192]Signal Conditioning
The currents flowing through various components are sensed by using current transducer and the voltages across various components are measured. Many sensors and transducers require signal conditioning before a computer-based measurement system can effectively and accurately acquire the signal. The sensed current signals and the measured voltage signals are conditioned by using SCB. Then, these signals are acknowledged by data acquisition (DAQ) devices. The voltages measured at various points are sensed using a voltage divider networks consisting of resistors in series. The SCB acquires digital signals from target PC through DAQ devices and provides drive signals for the contactors. The analog and digital signal conditioning are shown in the 
[image: ]
[bookmark: _Toc292283232]Figure 24: Analog Signal Conditioning
[image: ]
[bookmark: _Toc292283233]Figure 25: Digital Signal Conditioning
[bookmark: _Ref288038597][bookmark: _Toc292283193]Analog I/O Interface
The voltages and currents required for the estimation of SoC are acquired by target PC from DAQ devices. The National Instruments (NI) PCI-AIO-6071E is an E-Series DAQ device i.e. analog input interface board used in this test bench for acquiring currents and voltages by the target PC. The hardware block diagram of PCI-AIO-6071E is shown in Figure 26. 
[image: ]
[bookmark: _Ref288053449][bookmark: _Ref288032840][bookmark: _Toc292283234]Figure 26: Hardware Block Diagram of E-Series NI PCI-AIO-6071E
The NI PCI-AIO-6071E is a 100-pin DAQ with 64 Analog Input (AI) channels. NI Full-Featured E Series devices are the fastest and the most accurate multiplexed data acquisition devices available. They are ideal for applications ranging from continuous high-speed data logging to control applications to high voltage signal or sensor measurements. Synchronize the operations of multiple devices using the RTSI bus or PXI trigger bus and easily integrate other hardware to create an entire measurement system.
[bookmark: _Ref288038608][bookmark: _Toc292283194]Digital I/O Interface 
The drive signals required by the contactors for their operation are obtained from the signal conditioning which in turn obtain the command signals from the target PC using a DAQ device. The DAQ device used for this purpose is DIO. The PCI-DIO-96 is a 96-bit, parallel, digital I/O interface for PCI bus computers. The status of contactors (i.e.) on or off can also be obtained by using DIO. The block diagram of DIO-96 is shown in Figure 27.
[image: ]
[bookmark: _Ref288053513][bookmark: _Ref288032841][bookmark: _Toc292283235]Figure 27: Hardware Block Diagram of NI PCI-DIO-96
[bookmark: _Ref288038618][bookmark: _Toc292283195]Target PC
A target PC may be a general-purpose computer, a special-purpose device employing a single-board computer or any other intelligent device. Usually the target machine is not able to host all the development tools. The target PC acquires required voltage and current signals for SoC estimation. The target PC can be one of the following:
· Desktop PC - This computer is booted from a special target boot disk created by xPC Target. When you boot the target PC from the target boot disk, xPC Target uses the resources on the target PC (CPU, RAM, and serial port or network adapter) without changing the files already stored on the hard drive. After you are done using your desktop computer as a target PC, you can easily reboot your computer without the target boot disk. You can then resume normal use of your desktop computer using the pre-existing operating system and applications.
· Industrial PC - This computer is booted from a special target boot disk, or with the xPC Target Embedded Option, booted from a hard disk or a flash memory.
[bookmark: _Ref288038631][bookmark: _Toc292283196]Host PC
The host PC is the machine on which programs are written compiled. The host PC can be a desktop PC (or) notebook PC. All of the development tools are installed on this machine. The compiler is built to run on this machine. The executables are built on host PC and are transferred to target PC. The debugger, which is running on the host machine, has to talk to the program running on the target machine.
[bookmark: _Ref288038641][bookmark: _Toc292283197]Host PC – Target PC Connection 
xPC Target supports two connection-and-communication protocols between the host PC and the target PC.
· Serial: The host and target computers are connected directly together with a serial cable using their RS232 ports. This cable is wired as a null modem link that can be up to 5 meters long. A null modem cable can be provided with the xPC Target software.  
[image: ]
[bookmark: _Ref288033002][bookmark: _Toc292283236]Figure 28: Host – Target PC Connection Using RS232
· Network: The host and target computers are connected through a network. The network can be a LAN, the Internet, or a direct connection using a cross-over Ethernet cable. Both the host and target computers are connected to the network with Ethernet adapter cards. xPC Target uses the TCP/IP protocol for communication.
[image: ]
[bookmark: _Ref288033003][bookmark: _Toc292283237]Figure 29: Host – Target PC Connection Using LAN
[bookmark: _Ref288038653][bookmark: _Toc292283198]GUI for Hardware Test Setup
Making Graphical User Interfaces (GUI) in MATLAB is very simple. MATLAB is very similar to most other platforms, which allow GUI development. Any GUI in MATLAB is in essence a collection of objects. Every object in the GUI has a unique handle (name). This handle will allow users to access the object properties. The user can alter these properties at the design time. In order to develop a GUI, the user has to enter into the GUI development environment in MATLAB. This is done by using the command “guide”.

A Graphical User Interface (GUI) is developed for the hard ware test setup using GUIDE environment in MATLAB. The charging and discharging process of battery can be controlled from the GUI in host PC by controlling turn-on and turn-off of corresponding contactors. The GUI displays the various voltages, currents, estimated SoC and remaining runtime. The GUI for different modes of operation is shown from     Figure 30 to Figure 32.

	From the GUI, it is also possible to program the time for which contactor has to stay in ON condition. After the programmed time is completed, the contactor goes to OFF condition. So, it is possible to control the charging and discharging process of the battery as required.
[image: ]
[bookmark: _Ref288053549][bookmark: _Ref288033005][bookmark: _Toc292283238]    Figure 30: GUI for Default Mode

[image: ]
[bookmark: _Ref288033006][bookmark: _Toc292283239]Figure 31: GUI in Charging Mode
[image: ]
[bookmark: _Ref288053562][bookmark: _Ref288033008][bookmark: _Toc292283240]Figure 32: GUI in Discharging Mode
[bookmark: _Toc292283199]Real Time Simulation
Real-time Simulation refers to a computer model of a physical system that can execute at the same rate as actual "wall clock" time. In other words, the computer model runs at the same rate as the actual physical system. Computer languages like VisSim and Simulink allow quick creation of such real-time simulations and have connections to industrial displays and Programmable Logic Controllers via OLE for process control or digital and analog I/O cards.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The Real-Time Workshop available in MATLAB generates and executes stand-alone C code for developing and testing algorithms modeled in Simulink and Embedded MATLAB code. The resulting code can be used for many real-time and non-real-time applications, including simulation acceleration, rapid prototyping, and hardware-in-the-loop testing. You can tune and monitor the generated code using Simulink blocks and built-in analysis capabilities, or run and interact with the code outside the MATLAB and Simulink environment. The proposed algorithm is modelled using MATLAB/Simulink in host PC as shown in Figure 21. The Real-Time Workshop generates and executes a C code for the developed model as shown in the Figure 33. 

[image: ]
[bookmark: _Ref290914620][bookmark: _Toc292283241]Figure 33: Real-Time Workshop Report for SoC Estimation Model
The generated C code is dumped in Target PC and run in real time. The target PC acquires the voltage and current signals in real time by using the hard ware test setup explained in Section 5.1. Using the signals acquired the Target PC runs in real time for online estimation of SoC and remaining runtime (Tr) of a battery.
[bookmark: _Toc292283200]xPC Target Explorer
xPC Target is a host-target PC solution for prototyping, testing, and deploying real-time systems. It is an environment where the host and target computers are different computers. In this environment we use desktop PC as a host computer with MATLAB®, Simulink®, and Stateflow® (optional) to create models using Simulink blocks and Stateflow diagrams. After creating a model, we can run simulations in non real-time. We can then use host computer with Real-Time Workshop®, Stateflow Coder (optional) and a C compiler to create executable code. After creating the executable code, we can run our target application in real time on a second PC compatible system.
· Special hardware requirements - The xPC Target software requires a host PC, target PC, and for I/O, the target PC must also have I/O boards supported by xPC Target.
· Special software requirements - The xPC Target software requires either a Microsoft Visual C/C++ compiler (version 5.0 or 6.0) or a Watcom C/C++ compiler (version 10.6 or 11.0). In addition, xPC Target requires, MATLAB, Simulink, and Real-Time Workshop.
· xPC Target Embedded Option requirements - The xPC Target Embedded Option is a separate product that requires an additional license from The Math Works. With this additional license, we can deploy an unlimited number of real-time applications for standalone operation. 

This option allows you to boot the target PC from an alternate device other than a floppy disk drive such as a hard disk drive or flash memory. It also allows you to create stand-alone applications on the target PC independent from the host PC. The Target PC can be explored by using the command ‘xpcexplr’. The compiler and its path for the Host PC can be configured as shown in Figure 35.  The communication between host PC and target PC can be configured as shown in Figure 39. The memory settings of target PC can be configured as shown in Figure 40. 

[image: ]
[bookmark: _Toc292283242]Figure 34: Host PC Root Information
[image: ]
[bookmark: _Ref290910771][bookmark: _Toc292283243]Figure 35: Host PC Root Compiler Configuration

[image: ]
[bookmark: _Toc292283244]Figure 36: xPC Target Application Working Directory
[image: ]
[bookmark: _Toc292283245]Figure 37: Target PC Display

[image: ]
[bookmark: _Toc292283246]Figure 38: Target PC Configuration
[image: ]
[bookmark: _Ref290911460][bookmark: _Toc292283247]Figure 39: Host PC – Target PC Communication Configuration

[image: ]
[bookmark: _Ref290911570][bookmark: _Toc292283248]Figure 40: Target PC Memory Configuration
[image: ]
[bookmark: _Toc292283249]Figure 41: Target PC Appearance Configuration
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[bookmark: _Ref288038662][bookmark: _Toc292283201]TEST RESULTS AND COMPARISON
The hardware test setup used for estimating SoC is explained in chapter 5. Using the test bench, various tests are performed. Firstly, discharge tests were performed on the battery, to determine the battery equivalent model parameters. The SoC is estimated by Coulomb Counting and proposed methods as explained in chapter 3. The battery considered for the test is a 7-cell 44Ah Li-Polymer battery. The Coulomb Counting and proposed methods are run in real time and SoC of the battery is estimated.
[bookmark: _Ref288038678][bookmark: _Toc292283202]Test Results
The battery is tested with a discharge current of pulse profile as shown in Figure 42. The amplitude of pulse current is chosen to be 10A. Various voltages and currents acquired by target PC are displayed in the target PC and also in the GUI of host PC developed for the hardware test bench. When SoC button is enabled, the estimated SoC is displayed in the target PC as well as the GUI of host PC. Similarly, when the remaining runtime button is enabled, the remaining runtime will be displayed in the target PC as well as in GUI of host PC. The SoC and remaining runtime estimated by Coulomb Counting method and proposed method are shown from Figure 43 to Figure 47.

	The proposed method requires battery model parameters for the estimation of SoC. The battery model parameters such as series resistance, short time and long time resistances, short time and long time capacitances can be determined from discharge tests as explained in section 3.2.2. The battery is discharged with a pulse current of 5A. Then, the battery model parameters are estimated. The estimated values are tabulated in Table 2.
[bookmark: _Ref289072720][bookmark: _Ref289072773]Table 2: Battery Model Parameters
	S.No
	Battery Parameter
	Estimated Value

	1.
	Series Resistance (Rser)
	0.01242 Ω

	2.
	Short Time Resistance (RTS)
	0.01298 Ω

	3.
	Short Time Capacitance (CTS)
	1154.35 F

	4.
	Long Time Resistance (RTL)
	0.01424 Ω

	5.
	Long Time Capacitance (CTL)
	60853.31 F



[image: ]
[bookmark: _Ref288055449][bookmark: _Ref288033012][bookmark: _Toc292283250]Figure 42: Battery Current Profile for Testing
[image: ]
[bookmark: _Ref288055511][bookmark: _Ref288033013][bookmark: _Toc292283251]Figure 43: Measured Battery Terminal Voltage
[image: ]
[bookmark: _Ref288033014][bookmark: _Toc292283252]Figure 44: SoC Estimated by Coulomb Counting Technique

[image: ]
[bookmark: _Ref288033016][bookmark: _Toc292283253]Figure 45: SoC Estimated by Proposed Technique
[image: ]
[bookmark: _Ref288033017][bookmark: _Toc292283254][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 46: Remaining Runtime Estimated by Coulomb Counting Technique

[image: ]
[bookmark: _Ref288055522][bookmark: _Ref288033018][bookmark: _Toc292283255]Figure 47: Remaining Runtime Estimated by Proposed Technique



[bookmark: _Ref288038684][bookmark: _Toc292283203]Comparison of Test Results
[image: ]
[bookmark: _Ref288033020][bookmark: _Toc292283256]Figure 48: Comparison of Measured and Estimated Battery Terminal Voltages

[image: ]
[bookmark: _Ref288033022][bookmark: _Toc292283257]Figure 49: Error in Battery Terminal Voltage

[image: ]
[bookmark: _Ref288033023][bookmark: _Toc292283258]Figure 50: Comparison of Estimated SoC
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[bookmark: _Ref288033027][bookmark: _Toc292283259]Figure 51: Error in Estimated SoC
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[bookmark: _Ref288033028][bookmark: _Toc292283260]Figure 52: Comparison of Estimated Remaining Runtime
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[bookmark: _Ref288033030][bookmark: _Toc292283261]Figure 53: Error in Estimated Remaining Runtime
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[bookmark: _Toc292283204]CONCLUSION AND FUTURE SCOPE
[bookmark: _Toc292283205]Conclusion
With the rising importance for battery, both in the automotive industry and the energy sector, it is of critical importance to develop more accurate algorithms for SOC estimation of the battery. This thesis presents a novel technique for SoC estimation of the battery where the SoC estimated by Coulomb Counting method is corrected using the battery model and a PI controller. The proposed method has an advantage of estimating SoC accurately even if there is an error in determining initial SoC and flaws in current measurement.

Based on experimental results obtained from battery testing, the battery equivalent model parameters are estimated. Then the proposed estimation technique is employed for the estimation of SoC which is further used in order to compute the remaining runtime of the battery. The SoC estimation technique was implemented for a battery current of pulse profile, and results for Coulomb Counting method and the proposed method are discussed in detail in chapter 6.

 From the estimation results, we find that the SoC estimated from Coulomb Counting and the proposed technique has a maximum error of 12%. It is observed that there is a difference of 0.7Hr in the remaining runtime estimated by Coulomb Counting and the proposed technique. An error of 0.15Hr and 0.4Hr is observed in the estimated remaining runtime by the proposed and Coulomb Counting methods respectively when compared with the actual time. The advantage of this method is that it predicts the SoC by Coulomb Counting method and corrects it using a PI controller by employing a closed loop. Hence, this method can be employed in battery monitoring algorithms for the online estimation of SoC and remaining runtime (Tr) for many applications.
[bookmark: _Toc292283206]Future Scope
The novel method proposed is only a beginning in the online-estimation of SoC and remaining runtime. It is not an end in itself. In this estimation technique, the battery health is assumed to be 100% always. That is, the aging factor of the battery was not taken into account and hence the deterioration in the values of battery model parameters was not taken into consideration. Hence, the dependence of the battery model parameters with the cycle number ’n’ needs to be developed which will result in a non-linear model. Hence incorporating the effect of aging factor on the battery parameters is possible and a challenging sophistication that can be brought to this algorithm. 

In addition, we have assumed that the operating temperature of the battery is constant; this is not true in practice. SoC as well as the battery model parameters has strong dependence on operating temperature. Hence, developing control logic for sensing temperature and also modifying the algorithm to allow the estimation of SoC even for various operating temperatures would be a more advanced sophistication in the model.

		
 Hence, we conclude that the proposed method in the thesis is a new progress in the estimation of SoC and remaining runtime. However, more interesting and challenging sophistication can be added to the proposed method for a more precise and efficient battery monitoring.
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Host PC Root contains host configuration properties and all the xPC Target applications
(DLMs). Once your target PCs are configured and connected, you can download your target
application to the connected target PC.

XPC Target Explorer always has a default target PC node
ftarget PC node is always boldfaced. In a multi-target environment, th
dentify the default target PC.

visual aid helps you

Configu

ing the xPC Target Host PC

1. In the xPC Target Explorer window, select the Compiler(s) Configuration node.

/2. In the right pane, the compiler parameters appear.

3. Atthe Select C Compiler drop-down i
host PC.

. select the compiler you have installed on the

4. Enter the path (or browse) to the compil
C:Program Files Microsoft Visual Stu

er for Compiler Path. For example,
o.
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XPC Target application working directory

IThe DLM(s) node represents the current working directory. This directory contains all
istances of a built xPC Target application.

[To download an xPC Target application, you must have a configured and connected target
PC. Once a target PC is connected, download a target application by one of the following
methods

I* Right.click the target application, then select the target PC which to download the target
application.

[* Click and drag the target application to a target PC.

[To change the current directory, select Change Host PC Current Directory from the File
menu.
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