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Abstract 

 

Battery Balancing at Xtreme Power 

 

Rahul Ganesan, MSE 

The University of Texas at Austin, 2011 

 

Supervisor:  Ross Baldick 

 

Abstract: Battery pack imbalance is one of the most pressing issues for companies 

involved in Battery Energy Storage. The importance of Battery Balancing with respect to 

Xtreme Power has been analysed in detail. Various methods of Battery Balancing have 

been researched and presented. Methods that were the most suitable to Xtreme Power‟s 

battery pack topology were selected and tested. The results of these experiments are 

presented and relevant conclusions are shown. 
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Chapter I:  Theory of Battery Balancing 

Battery Balancing is a very important aspect of battery management. This 

assumes special importance when there are multiple batteries connected in series. When a 

number of batteries are connected in a series string, they conduct the same current. 

However, if the voltages between batteries or cells differ widely, it can accelerate battery 

degradation and affect performance [1].  

CAUSES OF IMBALANCE IN BATTERY PACKS 

One of the causes of battery pack imbalance is variations in manufacturing. 

Battery packs assembled from different manufacturing batches become imbalanced 

rapidly [2]. But the main inescapable cause is thermal imbalance between batteries and 

cells [3]. Interior cells of a battery operate at higher temperatures compared to the outer 

cells. This causes the inner cells to become imbalanced relative to the outer cells during 

normal operation since pack capacity and reaction rates are dependent on temperature. 

These differences accelerate over time due to temperature dependent gassing and 

recombination reaction rates. Separators in Valve Regulated Lead-Acid (VRLA) batteries 

and electrolyte saturation variability may also be contributing factors to battery pack 

imbalance [3].  

NEED FOR BATTERY BALANCING 

As mentioned earlier, battery pack imbalance leads to poor performance and 

accelerated loss of capacity. The loss of capacity is significantly high, as proved in 

laboratory tests [4]. Various experimental results have established that battery pack 

balancing significantly improves battery cycle-life [5],[6],[7]. 
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If lead-acid batteries are highly imbalanced and they are deep discharged, reversal 

of polarity could occur on batteries that have a low State of Charge (SOC), destroying the 

batteries [8].  This can be accompanied with extreme gassing and emission of heat. 

Variations in self-discharge rates between Li-ion cells cause imbalances in series-

connected Li-ion battery packs, leading to loss of capacity. Cell-balancing techniques 

increase system run-time and life of the battery pack [9].  

ISSUES WITH BATTERY BALANCING 

The aim of battery balancing is to equalize SOC between all the batteries 

connected in a series string. However most battery balancing solutions that are 

implemented balance batteries based on the battery voltage. While battery voltage 

provides useful information about SOC, especially for Lead-Acid batteries [1], it is not 

the most accurate estimate of SOC.  

Another important aspect of battery balancing is the accuracy or extent to which 

cells must be balanced. [10] shows that cells that are balanced to within 10 mV of each 

other remain in good shape while cells that have a bigger variance tend to lose capacity. 

This indicates that the batteries must be balanced accurately to derive benefit. 

The following chapters deal with the necessity of battery balancing for Xtreme 

Power (XP), the various possible methods and the methods that have been tested at XP.  

 

 

 

 

 

 



 3 

Chapter II: Need for Battery Balancing – Specific for Xtreme Power 

Xtreme Power (XP) is a Texas based company involved in designing, 

engineering, manufacturing and operating Battery Energy Storage Systems (BESS), 

called Dynamic Power Resources™ (DPR™) [11]. These systems can be operated in 

conjunction with solar and wind farms. Being a company involved in creating BESS‟s, 

battery balancing is a key component of XP`s R&D process. The key components of 

XP‟s system are: 

 The PowerCell™ 

 The Battery Pack 

 The Power Electronics 

 The Control System 

The following paragraphs briefly describe the key aspects of XP`s system which will help 

underscore the necessity for battery balancing at XP. 

THE POWERCELL™ 

The PowerCell™ is a 12 volt, 1 kWh, dry cell battery technology. Metal alloy-

coated, ballistic grade fibers as well as multiple pathways for ultra-low impedance 

current flow both in and out of the battery are key distinguishing characteristics of this 

battery [12]. The capacity of a battery is quantified as the number of Ampere-hours the 

battery will deliver when discharged at a given constant current at a certain temperature 

to a specified final voltage. The PowerCell™ will deliver 85 Ampere-hours when 

discharged at 28.3 amperes at 80F to a final voltage of 10.50 Volts. Since this current 

can be sustained for three hours, the 3-hour capacity of the battery (C/3) is 85 Ampere-

hours (Ah). 
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Battery Charging Management: 

The Battery Manual specifies exact parameters to charge a battery pack with 

multiple batteries connected in series and parallel. The following profile should be used 

when charging a battery string. This profile requires a battery management system to 

sense individual module voltage and temperature. 

When charging a string of batteries, an initial minimum constant current Is, is 

used to charge batteries until the first battery reaches the string protect voltage, Vprotect or 

until all batteries reach the string clamp voltage, Vclamp, whichever occurs first. 

Permanently damaged batteries may result if the Vprotect temperature compensated ceiling 

is not used as an alternative trigger to reduce current. This is especially the case in a pack 

with a large difference in battery capacities. The values are shown in Table 2.1. 

When the voltage threshold is reached the current is reduced by the minimum 

interval controllable with the charger. This should be no greater than 5%. Therefore, the 

new current level should be no less than 95% of the previous current level. Each time any 

battery reaches Vprotect or all batteries reach Vclamp, the current is reduced by the minimum 

controllable interval until it equals the finishing current value, If. 

 

Minimum 

Initial Inrush 

Current, Is (A) 

Module Clamp 

Voltage, Vc (V) 

Finishing 

Current, If (A) 

String Clamp 

Voltage, Vclamp 

(V) 

String Protect 

Voltage, Vprotect 

(V) 

45 14.8 +/- 0.1 1.5 14.7 14.8 

Table 2.1: Battery Charging Parameters 

Charging continues using the finishing current until all battery voltages have 

increased by less than 0.01 V in a 15-minute period. The time for this final phase must 
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not exceed 3 hours. This last charge phase allows each battery in the pack an opportunity 

to balance capacity at a safe current level with minimal gassing and is critical for correct 

pack management. 

Battery Discharging: 

The PowerCell™ should not be discharged to below 10.5 V. 

THE BATTERY PACK 

The battery pack consists of a large number of batteries connected in a series-

parallel matrix as seen in Fig. 2.1. Based on the number of batteries connected, the 

battery pack can be classified as a: 

1. Single-High: Columns of 80 batteries in series with an accumulated energy 

capacity of 1 MWh. 

2. Double-High: Columns of 80 batteries in series with an accumulated with an 

energy capacity of 2 MWh. 



 6 

 

Fig. 2.1: Illustration of a series-parallel battery matrix. 

Irrespective of the number of batteries per column, the nominal voltage of the 

entire battery pack is 960 V. The voltage of each column of batteries is measured using 

voltage sense boards. Since the pack is an ungrounded pack, the voltage sense boards 

require a channel to ground isolation of 1200 V. Also, since all columns are connected in 

series, a channel to channel isolation of 1200 V is also required. 
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Alternate Topologies under Investigation – Parallel Strings: 

 This proposed topology consists of connecting 15 parallel strings of 80 batteries 

in series. Some of the advantages in this topology are: 

 Lesser number of batteries in parallel. 

 Improved redundancy and availability, i.e. strings with bad batteries can be 

independently brought out of operation without affecting nominal pack 

voltage which is the key parameter for the Power Electronics components. 

 Improved current-sharing across batteries. 

Disadvantages include increased components and loss of power/energy capacity due to 

increased risk of losing an entire string of batteries due to having a single bad battery in 

series. 

THE POWER ELECTRONICS 

Each BESS consists of single or multiple DPR™ which include solid-state, 

industrial-grade 480 VAC inverter/rectifiers that deliver real and reactive power at a peak 

operating efficiency of 98%. The power electronics are capable of full four-quadrant 

operations simultaneously delivering real and reactive power, thus enabling the DPR™ to 

provide multiple services such as frequency response and voltage regulation at the same 

time along with low-voltage and zero-voltage ride through capabilities. The power 

electronic switches and their control circuits register commands in less than 15 

microseconds and have a command response of less than one millisecond. In response to 

a control signal, the DPR™ is capable of adjusting from a fully-rated charge (+1 MVA) 

to a fully-rated discharge (- 1 MVA) in less than a second [13]. 
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THE CONTROL SYSTEM 

XP's Real-Time Control System (RTCS) enables the DPR™ (i.e. PowerCells™ 

and power electronics) to perform to its full capabilities and interact with the grid without 

the need for a full-time operator. The RTCS helps to maintain a safe operating 

environment by monitoring environmental and grid conditions and also allows users to 

remotely change settings in real-time [14]. The RTCS is composed of three main 

components that together control the DPR™ equipment and record all appropriate data: 

 Web-based user interface (WebUI) – for remote operation and monitoring, 

integrated into the customer's existing control system or accessible through a 

Virtual Private Network (VPN). 

 Supervisory Control and Data Acquisition (SCADA) – Actual monitoring of 

field i.e. environmental and grid, conditions by communicating with Remote 

Terminal Units (RTUs) and Programmable Logic Controllers (PLCs), which 

collect readings from external sensors, meters, and breakers to relay essential 

data for operation of the DPR™. 

 Data Server – Transfers and stores data in a secure SQL database which can 

be used to view graphical representations of historical and live operational 

data. 

NEED FOR BATTERY BALANCING 

XP DPR™‟s usually operate in conjunction with wind or solar farms, wherein 

they are called in to perform output smoothing, ramp-rate control or in certain cases grid 

frequency/voltage regulation. Due to the intrinsically stochastic nature of wind and solar 

farms DPR™‟s are, at times, required to charge or discharge at 1.5 MW. This implies that 

the current requirement from each battery in the battery pack is really high. When an XP 
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PowerCell™, or any other battery, is charged or discharged at a high current rate, the 

battery voltage will rise or fall at an appreciably faster rate.  

The XP RTCS is designed such that when any single battery column`s voltage 

reaches the upper threshold of Vprotect (14.8 V) or the lower discharge threshold (10.5 V), 

the charge/discharge rate of the DPR™ is rolled back based on specified rollback values 

(between 0.95-0.99) so that the voltage rise/fall of that column is clamped. This 

safeguard, known as P-Limiting, is implemented so that the batteries are not damaged 

during normal operations. These P-Limiting values are obtained based on the values 

shown in Table 2.1 and the maximum safe discharge voltage allowed. 

 

 

Fig. 2.2: Battery pack with unbalanced columns causing a P-Limit. 
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However, if there are unbalanced columns which are at higher/lower voltage than 

the rest of the battery pack, as seen in Fig. 2.2, these columns will reach the P-Limiting 

values earlier than the rest of the pack. This will thereby prevent the DPR™ from 

charging/discharging at the rate required to respond to the ramp-rate/smoothing situation 

at hand. This can count as a violation of contractual obligations on XP`s part leading to 

prohibitive fines. Thus, having a balanced pack is imperative so that the DPR™ can 

respond to contractually obligated levels. 

Maintenance Charge Cycles: 

Due to the varying nature of environments that an XP DPR™ operates in, it 

cannot be guaranteed that all battery packs will be optimally operated during regular 

smoothing/ramp-rate control operations. The voltages of all columns start to separate 

from the median voltage of the pack, thereby increasing the risk of P-Limiting instances. 

Hence, it is recommended that the DPR™`s are pulled out of operation occasionally so 

that the column voltages can be brought closer to the pack median voltage through a 

maintenance charge cycle. 

A maintenance charge cycle involves charging and discharging a battery pack 

completely. A set of parameters, as seen in Table 2.2, is specified and the pack is 

charged/discharged to these values. This process is completely automated by the XP 

RTCS. 

 

Charge Rate in kW (negative) -400 Discharge Rate in kW (positive) 400 

Voltage Limit (Maximum) 14.7 V Voltage Limit (Minimum) 10.5 V 

Rollback Rate (decimal) 0.98 Rollback Rate (decimal) 0.98 

Table 2.2: Sample Maintenance Charge Cycle Parameters 
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Again, if any single battery column`s voltage reaches the specified voltage limits 

the charge/discharge rate of the DPR™ is rolled back based on specified rollback values. 

The rollback keeps happening until the charge/discharge rate goes below +/- 50 kW. This 

again prevents all columns from getting completely charged/discharged. Thus some 

columns will always remain higher/lower than the rest of the pack as seen in Fig 2.3, 

defeating the purpose of performing maintenance charge cycles. A balanced battery pack 

will result in complete charging/discharging of all columns, thereby increasing the life 

and range of operation of the battery pack.  

 

 

Fig. 2.3: Maintenance Charge Cycle on a Battery pack with unbalanced columns. 
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The column-level balancing solutions discussed in Chapter 4 essentially cater to 

achieving this aim. At the end of the charge portion of a maintenance charge cycle, when 

the charging rate is low, current can be shunted around columns which are close to P-

Limiting values, thereby essentially clamping their voltage rise. This allows other 

columns to „catch up‟, i.e. charge to P-Limiting Levels. Hence, all columns can be 

charged completely and column voltages can be brought as close to the pack median 

voltage as possible. The upper P-Limiting Voltage of 14.7 V plays a key role in the 

various balancing methods explained in Chapter 4. 
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Chapter III: Methods of Battery Balancing 

Different methods of Battery Balancing have been used to balance batteries in a 

battery-pack. Imbalance between batteries can be caused due to a variety of reasons 

including manufacturing imperfections, varying internal impedance and varying parasitic 

discharges. Varying temperatures across the pack can also be attributed as a reason for 

imbalance between cells [15]. Imbalance between cells in turn results in imbalance 

between batteries in a battery pack. 

Battery balancing methods can be classified as either active or passive based on 

the method and control involved. Passive balancing methods are restricted to certain 

types of batteries, which include Lead-acid batteries and Nickel based batteries. This is 

because passive methods involve overcharging which can be withstood only by Lead-

acid and Nickel based batteries [16]. However another caveat for this method is that this 

method is successful only for small number of batteries connected in series [17]. 

Active balancing methods involve using external methods to share energy 

between batteries uniformly to prevent imbalance. Reference [15] focuses mainly on 

active balancing methods for Lithium based batteries, which require balancing systems 

for any battery system consisting more than 3 batteries in series. Reference [15] also 

classifies active balancing methods based on energy flow into dissipative method, single 

cell to pack method, pack to single cell method and single cell to single cell method. 

Based on circuit topology [15] classifies balancing methods into shunting, shuttling and 

energy converter methods. 

Another important method of battery balancing involves charge shuttling. Charge 

shuttling, as the name implies, involves transporting charge from cells or batteries with 

higher to cells or batteries with lower charge using a neutral „charge holder‟, normally a 
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capacitor, that is switched. Some methods include single-tiered „flying capacitor‟ charge 

shuttling method, double-tiered charge shuttling methods [18] and selective shuttling 

between cells based on State of Charge (SOC) Polling [19]. Charge shuttling methods are 

relatively modern and employed primarily to balance Lithium based battery packs. This 

chapter contains a brief description of each balancing methodology and their relative 

merits and demerits. 

PASSIVE BALANCING METHODS 

This method is one of the simplest but most time-consuming methods of 

balancing a battery pack. This method necessitates temporary removal of the battery pack 

from normal charge/discharge operations. Once the pack is removed from operation, a 

target voltage based on mean or median of pack voltage is calculated. Then each battery 

or column of batteries is individually charged or discharged using a charger/load bank to 

attain the calculated voltage. 

This method is often used in companies with large battery packs in operation 

including Xtreme Power
®
. The voltages of each battery pack are continually tracked 

using the battery column voltage sensors. If it is observed that the column voltages within 

a pack are diverging too much or some columns are consistently higher/lower than pack 

mean voltage, this method is employed to bring those columns within range. 

However, there are some obvious demerits associated with this method including 

the large downtime. Another demerit is that the risk of electrocution to the person 

performing this task especially if the end columns are unbalanced. Also, since the battery 

pack is not grounded, capacitance between the chassis of the load bank/chargers and the 

ground can lead to sparking. Automating this process such that columns can be 
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automatically charged/discharged to median voltage is an idea that has been suggested in 

this report in Chapter IV. 

ACTIVE SHUNTING METHODS 

This method entails either shunting current around batteries with higher charge or 

dissipating energy from batteries with higher charge. Dissipation of heat plays an 

important role in determining the extent to which shunting or dissipating can be carried 

out. Some of the active shunting methods described in [15] are: 

 Dissipative Shunting Resistor. 

 Analog Dissipative Shunting.[20] 

 PWM Controlled Shunting.[21] 

 Resonant Converter.[21]  

 Boost Shunting.[22] 

 Complete Shunting.[23] 

The following paragraphs contain a brief description of each of the above 

methods. 

Dissipative Shunting Resistor: 

This method entails connecting resistors across each battery and having a 

centralized control to operate the relays connecting the resistors. Fig. 3.1 below shows a 

schematic of this method. The resistors across specific batteries are switched based on 

their voltage. This is essentially used to shunt current across batteries with higher voltage 

to allow other batteries to „catch up‟ and reach the higher voltage. The value of resistance 

chosen plays a major role in determining the time that it takes to balance a battery pack 

and the energy losses associated with dissipative balancing. The switch rating can be 

sized based on the resistor chosen. As mentioned in [16], this method is inexpensive and 
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easy to implement. However, there are heat dissipation and efficiency issues. Also, 

instead of using a centralized control mechanism, Zener diodes connected in reverse bias 

can be used to control relays. This idea will be explained in more detail in Chapter IV. 

 

Fig. 3.1. Schematic of Dissipative Shunting Resistor Method. 

Analog Dissipative Shunting: 

This method is very similar to the Dissipative Shunting Resistor method except 

that transistors act as the dissipative element [23]. The „on-resistance‟ of the transistors 

effectively acts as the resistor in this case. Fig. 3.2 shows a basic sketch of this method. 
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Fig. 3.2. Schematic of Dissipative Shunting Resistor Method. 

When a battery reaches the threshold voltage, which is determined by the voltage 

divider and reference, current is shunted through the transistor and the battery is held at 

threshold voltage. In effect, the battery voltage is prevented from rising further. This 

method is less expensive compared to the Dissipative Shunting Resistor since the control 

is localized.  

PWM Controlled Shunting: 

This method consists of a set of PWM controlled MOSFET switches and 

inductors between each set of neighboring batteries. Current is shunted across each 
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battery in proportion to the voltage of the battery. This method requires precise voltage 

sensing which increases the cost. Fig. 3.3 illustrates this method. 

 

 

Fig. 3.3. PWM Controlled Shunting Method. 

Boost Shunting: 

This method is essentially a boost converter between batteries with different 

voltages as seen in Fig. 3.4. Control is achieved by using PWM to control the switches 

connected to batteries with higher voltage [22]. The equivalent diagram of this circuit is 

shown in Fig. 3.5 where the other two batteries act as output as in the case of a buck-

boost converter. 
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Fig. 3.4. Boost Shunting Method. 

 

Fig. 3.5. Equivalent diagram of the Boost Shunting Method. 
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Complete Shunting: 

A singular current controlled buck converter is used as charger in this method. By 

this method, batteries are completely shunted when they are charged by using two 

switches in parallel associated to each battery [23]. Charging continues until all the 

batteries in the string are completely charged. If the string is long, it may necessitate a 

cascaded buck converter with a wide range of output voltage. This method is shown in 

Fig. 3.6. 

 

 

Fig. 3.6. Complete Shunting Method. 

CHARGE SHUTTLING METHODS 

Charge shuttling balancing methods employ an external energy storage device 

[15] to transfer energy or charge from one battery to another. There are two main 
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classifications of charge shuttling methods which are Switched Capacitor topology and 

Single Switched Capacitor topology. Switched Capacitor topology involves the use of N-

1 capacitors to balance an N battery system, while the Switched Single Capacitor 

Topology uses a single capacitor to do the same. 

Single-Tiered Switched Capacitor Method: 

The single-tiered switched capacitor as mentioned in [24] and [25] uses 2N 

switches and N capacitors for an N battery system. Fig. 3.7 below illustrates a schematic 

of this method. Assuming that battery B1 is at a higher SOC compared to battery B2. 

Initially, capacitor is switched across B1 and then across B2, thereby transferring charge 

from B1 to B2. This cycle is repeated multiple times until both batteries are equalized.  

 

Fig. 3.7. Single-Tiered Switched Capacitor Method. 

The number of cycles is determined by the size of the capacitor. A higher sized 

capacitor will reduce the time taken, but will cause higher switching transients. This in 

turn will need higher rated switches thereby increasing the overall cost of the system. The 

mode of control of the switches can be localized which lessens the complexity of the 
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system. An important aspect that needs to be noted is the requirement of dead-time 

implementation, i.e., two batteries should not be switched across a single capacitor at the 

same time. 

Double-Tiered Switched Capacitor Method: 

This method as specified in [18] includes an additional tier of capacitors in 

parallel to the existing tier of capacitors as shown in Fig. 3.8. Using the single-tiered 

method only adjacent batteries could exchange energy at any given instance of time. 

However by this method, even batteries which are not connected will be able to shuttle 

charge through bridging capacitances. This will drastically reduce the time needed to 

balance the entire battery pack. Dead-time implementation, however, carries significantly 

more importance in this method. 
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Fig. 3.8. Double-Tiered Switched Capacitor Method. 

Single Switched Capacitor Method: 

The Single Switched Capacitor method, as the name suggests, uses a single 

capacitor to shuttle charge between batteries. If the same control topology as Switched 

Capacitor Method was used, speed of balancing would be reduced even more. However, 

by selectively switching the batteries with highest and lowest states of charge instead of 

cycling through all batteries, speed of balancing can be increased multi-fold by this 
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method. Another major advantage with this method is the decreased expenditure for an N 

battery system. Fig. 3.9 shows this method. 



 25 

Fig. 3.9. Single Switched Capacitor Method. 
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ENERGY CONVERTER METHODS 

 This method entails the use of transformers or inductors to move energy or charge 

from one set of batteries to another set of batteries [16]. Some of the methods used are 

Step-Up Converter, Multi-Winding Transformer, Ramp Converter, Multiple 

Transformers and Switched Transformers. An important aspect that is to be noted is that 

these are isolated converters, i.e., the inputs and outputs of the converters have isolated 

grounds [15]. 

Step Up Converter Method: 

 Isolated boost converters are used to transfer excess energy or charge from a 

single battery to the entire pack as shown in [26] and [27]. Inputs of converters are 

connected to each battery while the outputs of all the converters are tied together and 

connected to the whole battery pack. Batteries with higher SOC are switched to transfer 

excess energy to the rest of the pack. If the number of batteries in series is high, 

individual boost converters need to have a high output voltage range. This method is not 

modular since output of each converter has to be changed if the number of batteries in 

series is changed. Fig. 3.10 shows this method. 
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Fig. 3.10. Isolated Step-Up Converter Method. 

Switched Transformer Method: 

An N: 1 ratio transformer is used as the energy converter in this method as 

described in [16] and shown in Fig. 3.11. The output of the transformer is rectified using 

a diode and connected to a battery which is determined by centralized control. Usually 

batteries with lower SOC are switched onto the transformer output. The time required for 

balancing a pack is very low by this method. However, lack of modularity, additional 

switching complexity, additional components and low efficiency due to transformer 

losses are disadvantages associated with this method. 
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Fig. 3.11. Switched Transformer Method. 
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Multi-Winding Transformer Method: 

A transformer with a single core and secondary taps for each battery is used as the 

energy conversion device in this method [28]. The primary of the transformer is 

connected to the whole battery pack and is switched as shown in Fig. 3.12. The current 

on each tap is determined by the reactance of each battery [16] which depends on the 

SOC of each battery. Hence the current distribution inversely mirrors the SOC of the 

batteries, thereby balancing the battery pack. Since only transformer primary is switched, 

control complexity is greatly reduced. Disadvantages include the high number of 

components and magnetic losses. 

 

 

Fig. 3.12. Multi-Winding Transformer Method. 
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Ramp Converter Method: 

This methodology consists of a multi-winding transformer with a secondary tap 

for each pair of batteries unlike the previous method [29], [30]. This is illustrated in Fig. 

3.13. During the first half cycle, odd numbered batteries that have low SOC are charged 

while on the other half cycle, even numbered batteries that have low SOC are charged 

[15]. 

 

 

Fig. 3.13. Ramp Converter Method. 
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Multiple Transformer Method: 

Fig. 3.14 shows the multiple transformer method. This method consists of several 

transformers with coupled primaries and a secondary per battery in the string. Though 

expensive, this method is modular. 

 

 

Fig. 3.14. Multiple Transformer Method. 
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Chapter IV:  Battery Balancing Methods at Xtreme Power 

A variety of methods to balance a battery pack were discussed in Chapter 3. Out 

of these, several have been employed or tested at Xtreme Power. The size of the battery 

pack and the capacity of each battery influenced the choice of methods that were tested. 

Emphasis has been placed on column level balancing solutions.  With the prospect of 

employing different pack topologies, a couple of additional battery level solutions have 

been tested on a small scale. Some of the methods that have been employed or tested so 

far are: 

 Passive charging/discharging – Manual. 

 Passive charging/discharging – Automated.  

 Active shunting method – Dissipative Resistances with centrally 

controlled relays. 

 Active shunting method – Dissipative Resistances with relays controlled 

locally by Zener diodes. 

 Active shunting method – Dissipative Resistances in series with Zener 

diodes on a per battery basis. 

A brief description of each of these methods is given in the following pages. 

PASSIVE CHARGING/DISCHARGING – MANUAL 

When a maintenance charge cycle is performed on a battery pack, columns that 

separate from the rest of the pack, i.e., charge or discharge too fast compared to the rest 

are noted. If these columns continue to be at a higher or lower State of Charge (SOC) 

compared to other columns after 2-3 consecutive maintenance charge cycles, it is 

established that these columns will have to be manually charged/discharged separately 

after the battery pack is brought out of service. 
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Fig. 4.1: Graph showing all 80 column voltages of a battery pack during a maintenance 

charge. 

Manually charging/discharging individual columns involves the following steps: 

1. The columns that need to be charged/ discharged are noted. 

2. Open circuit voltage (OCV) of selected columns and the median OCV of the 

battery pack is noted. 
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3. SOC of column and battery pack is calculated using the following formula: 

 

     
         

              
 

Battery factor depends on the iteration of battery used in the pack. Newer 

versions of batteries, known as „~5‟, have a Battery Factor of 1.5, while older 

versions have a factor of 1.31. 

4. The difference in SOC between selected column and battery pack median, 

known as Delta-SOC is calculated. 

5. The average effective Ampere-Hour (Ah) capacity of a battery is calculated 

using the Ah counter (which is a Coulomb counter that is logged in the 

database) observed during the last maintenance charge cycle. The formula for 

calculating average effective Ah capacity of a battery is shown below: 

 

                            
                          

                               
 

 

Number of batteries in a column depends on pack topology, i.e., single-high or 

double-high. 

6. The number of Ah by which the selected column needs to be 

charged/discharged is calculated using the following formula: 

 

                                             

 

                                                     

 



 35 

7. The time required for charging/discharging the selected column is calculated 

based on the power capacity of the charger/load bank. 

 

                       
           

                              
 

 

8. The load-bank/charger is then connected across selected columns for the 

calculated period of time and the column is brought in line with the rest of the 

pack. 

PASSIVE CHARGING/DISCHARGING – AUTOMATED  

 Since most of Xtreme Power`s projects are in remote locations, manually 

charging/discharging columns is possible only when personnel are on-site. To avoid the 

need for personnel on-site, automating the whole process of passive charging/discharging 

was suggested as an alternative. This entails a set-up similar to the one shown in Fig. 4.2 
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Fig. 4.2: Automated Charge/Discharge Model 

This method involves connecting the positive terminals of all columns to a 

common positive bus through Solid State/Electromechanical relays and connecting the 

negative terminals of all columns to a common negative bus through similar relays. The 

relays could be controlled either by a National Instruments
™

 (NI
™

) Bidirectional Digital 

I/O Module (NI
™

 9403) [31] or by an Allen Bradley
©

 1766-L32BWAA PLC [32]. 

However, as mentioned in Fig. 4.2, two switches on the positive or negative common 

buses should not be switched on at the same time. To account for the remote possibility 

of such an event happening, 125 A DC fuses [33] would be included in-line with each 

relay connection.  

The relays could be controlled remotely, thereby eliminating the need for manual 

intervention, to perform passive charging/discharging. The calculations involved in 
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deciding the charging/discharging time would be performed automatically either by the 

central National Instruments™ PXI chassis or by the Allen Bradley
©

 PLC and errant 

columns could be automatically balanced at the end of each maintenance charge cycle. 

This system is also highly modular, i.e. it could be sized for ten or twenty columns each. 

ACTIVE SHUNTING METHOD – DISSIPATIVE RESISTANCES WITH CENTRALLY 

CONTROLLED RELAYS  

This method involves having a 1 Ω resistance connected by a relay across each 

column of batteries. The relays are centrally controlled by a set of NI™ 9403 modules 

which are connected to an NI™ PXI Chassis. Fig. 4.3 shows an example of this setup. 

 

Fig. 4.3: Schematic of Active Shunting 

However, there are certain disadvantages associated with this method including 

the most obvious one of energy wastage. Columns which are at a lower SOC cannot be 
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charged to higher SOC. This implies that all columns have to be brought down to the 

SOC of the column with the lowest SOC to balance the pack, thereby significantly 

increasing energy wastage. Also, while the 1.5 MVA Inverter was in operation, switching 

noise on the relay control lines was found to be of the order of 5-7 V. This caused errant 

switching of columns and incidents of relays not responding to switching signals sent 

from NI
™

 9403 modules. The 1 Ω resistors also required large heat sinks which caused 

considerable space constraint issues in DPR
™ 

15-100C Containerized Units.  

ACTIVE SHUNTING METHOD – DISSIPATIVE RESISTANCES WITH RELAYS CONTROLLED 

LOCALLY BY ZENER DIODES  

This method is very similar to the previous method with the key difference being 

localized control of the relays. This eliminates complexities associated with switching 

relays and also reduces the cost of the balancing system. Fig. 4.4 shows a brief layout of 

this system. 
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Fig. 4.4: Schematic of Relays Controlled Locally By Zener Diodes. 

A Crydom
®
 D06D60 relay [34] was suggested for this method. This relay has a 

minimum turn-on voltage of 3.5 V and a minimum turn-off voltage of 1.5 V which 

influenced the selection of the Zener diodes. A 6.2 V 5 W, Zener diode made by ON 

Semiconductors
®
 [35] was selected for this purpose. 

First Level of Testing: 

Initial testing involved connecting this circuit across a 24 V programmable power 

supply [36] as shown in Fig. 4.5.  
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Fig. 4.5: Initial Test. 

The voltage of the power supply was varied from 12 V to 14.7 V and the voltages 

across the input terminals of the relay and the resistance across the output terminals of the 

relay was measured simultaneously as seen in Table 4.1. It was observed that the relay 

turned on when supply voltage was close to 14.7 V, which is close to XP P-Limiting 

Voltage Levels, and turned off when the supply voltage was reduced to 13.4 V.  
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Voltage applied from 

Power Supply (Volts) 

Voltage across Relay 

Input Terminals (Volts) 

Resistance across Relay 

Output Terminals 

12 0.731 OL – Completely Open 

13 0.893 OL 

13.5 1.371 OL 

14 1.9 OL 

14.5 2.448 OL 

14.6 2.554 30 MΩ 

14.7 4.067 1.5Ω 

14.6 3.92 1.5Ω 

14.5 3.77 1.5Ω 

14.4 3.62 1.6Ω 

14.3 3.48 1.6Ω 

14.2 3.3 2.5Ω 

14.1 3.18 2.5Ω 

14.0 3.03 2.5Ω 

13.9 2.89 2.5Ω 

13.8 2.75 2.5Ω 

13.7 2.59 2.5Ω 

13.5 2.04 2.6Ω 

13.3 1.167 OL 

Table 4.1: Initial Test for Zener controlled relays 



 42 

Second Level of Testing: Battery Simulator 

The above test showed that this method works for voltage levels similar to XP 

operating voltage levels. However, when a load appears across a battery, the battery 

terminal voltage drops. This drop in voltage differs significantly based on the health and 

SOC of the battery. To simulate this behavior, a Battery Simulator was designed in NI
™

 

LabVIEW
™

 software with the help of Mr. Steven Garcia, a colleague at Xtreme Power. 

The Battery Simulator was used to command the programmable power supply to follow 

specific voltage profiles as shown in Fig. 4.7 and Fig. 4.8. 

 

 

Fig. 4.6: Schematic of second test with Zener controlled relay. 

 

The schematic in Fig. 4.7 describes the test setup. An NI
™

 9229 4-Channel 

Analog Input Module [37] was used to measure the voltages across the two Zener diodes 
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and the resistor individually on Channels 0, 1 and 2 respectively. This analog module was 

docked to a NI
™

 cDAQ-9174 4-slot USB chassis [38] to enable real-time collection of 

data. This was possible with the help of the High Speed Data Logger, a software tool 

written in LabVIEW
™

 by another colleague of mine, Mr. Kevin Schmeisser. The 

collected data was analysed using another LabVIEW
™

 based tool called High Speed Data 

Viewer. Different simulator profiles were created and shown below. The data was 

sampled at a rate of 2000 sample per second. 

 

 

Fig. 4.7: Battery Simulator Voltage Profile 1 

 

Fig. 4.8: Battery Simulator Voltage Profile 2 
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Fig. 4.9: High Speed Data Viewer for Zener diode controlled relay - I. 
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Fig. 4.10: High Speed Data Viewer for Zener diode controlled relay - II. 

Fig. 4.9 and Fig. 4.10 are zoomed-in portions of the data viewed on the High 

Speed Data Viewer. From this data, it was observed that the relay turned on at 14.61 V 

exactly and turned off at 13.7 V. This implies that this can be a viable column-level 

balancing solution which is highly simple and economical to implement. 

ACTIVE SHUNTING METHOD – DISSIPATIVE RESISTANCES IN SERIES WITH ZENER 

DIODES ON A PER BATTERY BASIS  

This method involves connecting two reverse biased Zener diodes across each 

battery in the battery pack [39]. This is a battery level balancing solution unlike the 

previous methods which were column level balancing solutions. This solution plays an 

important with the proposed alternate pack topology (Parallel Strings) as mentioned in 

Chapter 2. When the battery voltage rises above a certain threshold voltage, the Zener 
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diodes will start conducting and will shunt current through the shunting resistor. Fig. 4.12 

below gives a schematic of the circuit used. An inherent advantage of this method is that 

imbalances within a column can be eliminated too. 

 

 

Fig. 4.11: Schematic for Zener diode based shunting circuit. 

First Level of Testing:  

 Different combinations of Zener diodes were tested initially to identify the exact 

combination that will shunt close to 0.5 Amps when the battery voltage is close to 14.7 

V. Some of the combinations that were tested were: 

 4.3 V + 4.3 V + 4.3 V 

 6.8 V + 6.2 V 

 6.2 V + 6.2 V 

The first combination started conducting much closer to 12 V and therefore was 

undesirable. The second combination started conducting at a higher voltage, shunting 
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around 0.4 A at around 14.7 V. This current is too low. It was identified that a 

combination of two 6.2 V 5 W Zener diodes in series with a shunting resistor of 2.5 Ω 

was the best combination in this regard as the circuit shunted around 0.5 A worth of 

current at 14.7 V. This was then tested using a Battery Simulator profile. 

Second Level of Testing: Battery Simulator 

The above circuit (two 6.2 V 5 W Zener diodes in series with a 2.5 Ω resistance) 

was then rigorously tested using the same setup that was used to test the Zener diode 

controlled relays. The channels used on the NI
™

 9229 module and their measurements 

were: 

 Channel 0 – Voltage across Zener diode 1. 

 Channel 1 – Voltage across Zener diode 2. 

 Channel 2 – Voltage across 2.5 Ω resistance. 

The sampling rate was 2000 samples per second and the simulator profile ran for 180 

seconds as seen in Fig. 4.12. 

Different Battery Simulator Profiles were used and the data was logged in real 

time using the High Speed Data Logger. The figures below illustrate a Battery Simulator 

profile used and the data obtained using the High Speed Data Viewer.  

 

 

Fig. 4.12: Battery Profiler for Zener diode based shunting circuit. 
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Fig. 4.13: High Speed Data Logger for Zener diode based shunting circuit. 

It was observed that the Zener diodes got extremely hot during the test. Hence, the 

simulator profile was repeated again while the temperature of each Zener diode was 

observed using a FLIR
®
 I-7 thermal imaging camera. It was observed that the 

temperature of Zener diode 1 reached a peak of 163  C and the temperature of Zener diode 

reached a peak of 152   C while conducting 0.512  . The Zener diode has an operating 

range of -65  C to 200  C, meaning that the Zener diodes, though hot, were still well within 

operating range.
 

From Fig. 4.13, it can be observed that the voltage drop across the 2.5 Ω 

resistance is 1.28 V. This equates to a shunting current of 0.512 A through the resistor. 
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However, the current through the resistor was observed to be 0.2 A when supply voltage 

was 13.1 V, which indicates that the response of the Zener diodes is not a step response 

but rather a slow response. This implies that it is not a perfect solution to XP`s battery 

balancing requirements. However, further testing will be carried out to fine-tune Zener 

diode and resistance values used in the circuit. 

FUTURE TESTING 

Emphasis will be placed on developing a battery-level balancing solution rather 

than a column-level solution. In view of this, an updated Zener diode shunting circuit, as 

seen in Fig 4.14, was proposed by a colleague, Mr. Cody Hill.  

 

 

Fig. 4.14: Alternate Zener diode based shunting circuit. 

 The proposed advantage with this circuit is that around 14 V, the second Zener 

string will start conducting, thereby increasing the slope of the curve and shunting more 

current at P-Limiting Voltage. Based on the data obtained from the initial experiment, it 

is expected to shunt around 0.2 A at 13.1 V and 0.9 A at 14.7 V which will greatly aid in 

clamping batteries that are at higher SOC. 
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CONCLUSION 

Battery Balancing is an integral aspect of Xtreme Power‟s research and 

development efforts. Balancing a battery pack can greatly improve the capacity of the 

pack and prevent battery degradation. A battery pack can be balanced using a multitude 

of methods including active and passive methods.  

Zener diode controlled relays can be a viable column-level balancing solution 

which is highly simple and economical to implement. Various Zener diode combinations 

in series with a shunting resistor can be used to balance individual batteries. Tests are 

continuing to determine the optimum combination of Zener diodes and resistance. 
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