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Abstract

An autonomous smart battery is developed to incorporate storage on an isolated

12 V DC grid called the PeCo grid. The PeCo grid is a personal consumer grid aimed

at electrification of rural areas with no existing electrical infrastructure. In order to

develop the smart battery a 12 V lead-acid battery is combined with a Dual Active

Bridge (DAB) bi-directional DC-DC converter. Using this combination with the

relevant control algorithms the smart device achieves grid stabilisation, black starting

and fault protection without the use of a dedicated communication network. These

features are achieved through the usage of a decentralised control architecture that is

solely based upon the grid voltage. The smart battery is able to seamlessly integrate

into an existing system due to its plug and play nature. A working prototype of the

smart battery is developed and experimentally validated on the distributed energy

system.
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Chapter 1

Introduction

This dissertation focuses on the development of a smart battery to add storage to

a 12 V solar powered standalone grid capable of electrifying rural dwellings. Africa

remains one of the least electrified continents in the world with most regions having

no existing medium voltage or high voltage electrical transmission lines. In order

to electrify these primarily rural areas, it is necessary to adopt innovative rural

electrification methods.

The most common electrical power systems currently in use are based on a predom-

inantly central generation strategy depicted in Figure 1.1a. In central generation,

a large electrical power station generates the electricity required by loads which

are mostly situated further away from the power station [2]. In order to transfer

electrical power to the required loads, a transmission line network is employed [2].

Large-scale power stations generate electricity via coal, nuclear or hydro energy

[3]. The primary advantage of these power stations is their high power capability.

However, the drawbacks of power stations are the large capital contribution and long

construction periods required to commission new plants [4]. This makes it unlikely

that power stations will succeed in addressing the electrification crisis in Africa.

Additional disadvantages of fossil-fuelled power stations include adverse environmental

effects and the limited quantities of fossil fuel availability. The depletion of fossil fuels

has resulted in a constant rise in the cost of fossil fuel based energy. Solar energy, in

contrast, has been undergoing a price reduction due to its increased popularity [4].

The continued cost reduction of solar-based power systems makes a strong argument

for new electrical power systems to be based on renewable energy sources.

In order to ensure the success of a new electrification method, it is important to
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identify the electricity requirements in rural environments. Reference [1] identifies

the main uses of electricity by rural communities as:

• Lighting

• Cellular phone charging

• Television

• Refrigeration

• Heating and Cooking

Lighting is the highest priority for people in rural areas followed by cellular phone

charging which forms a tier one energy system as shown in Table 1.1. Standalone DC

smart grids based on renewable energy is an innovative solution that could potentially

address the electrification crisis in Africa. DC Smart grids are able to meet the above

listed requirements. These systems are scalable, require minimal start-up capital,

can be rapidly deployed and use renewable energy sources.

Task Tier 1 Tier 2 Tier 3

Lighting

Cellular Phone Charging

Television

Refrigeration

Table 1.1: Summary of energy Tier levels as defined by the World Bank in [1]

1.1 Research Outcomes

• Presenting a potential solution that can be used to help resolve the energy

crisis currently being experienced in Africa.

• Identifying functional requirements for a smart battery

• Algorithms allowing energy storage on a distributed DC grid

• Practical realisation of a plug and play smart battery capable of interfacing to

an ad hoc 12 V DC grid.
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Figure 1.1: Difference between central and distributed electrical power networks.

• Investigating and identifying design considerations when designing a dual active

bridge for low-voltage DC grid systems.

• An inference engine for a distributed DC grid that allows for information

transfer without the use of a dedicated communication network.

1.2 Chapter Overview

• Chapter 2 reviews current research trends in distributed energy systems which

contextualises the presented work. Topological variations and control algorithms

being developed currently are reviewed. A survey of DC-DC converters and

storage options being developed for DC grids is conducted.
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• Chapter 3 defines the environment in which the smart battery will operate. A

distributed power system called the PeCo grid is introduced and its potential to

solve the electricity crisis is highlighted. In this chapter, the required model for

the smart battery is defined and the communications protocol for this system

is established.

• Chapter 4 discusses common models for a lead-acid battery. This battery

technology is the selected passive storage element for the smart device.

• The necessary considerations of a dual active bridge DC-DC converter to act

as an interface between the lead-acid battery and the PeCo grid is discussed in

Chapter 5. The voltage-based loss estimator that is presented, aides in the

management of the lead-acid battery.

• The algorithms developed in Chapter 6 transform the non linear passive

model discussed in Chapter 4 to the equivalent model defined in Chapter

3. The algorithms are implemented on the DC-DC converter that is discussed

in Chapter 5 and allows the smart battery to achieve the required grid

functionality.

• The performance of the smart battery is evaluated in Chapter 7. Testing

is conducted to validate the algorithms and the results are captured in this

chapter. Chapter 8 summarises and draws conclusions from the conducted

research.
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Chapter 2

Distributed Energy Systems

The distributed generation schemes depicted in Figures 1.1b & 1.1c shows that

generation is done at the point of consumption. Distributed energy systems can be

wind based as in [5, 6] or solar based as in [7, 8]. Hybrid systems developed in [9–13]

use both forms of generation including hydro generation. A hybrid solution provides

a more consistent generation profile as wind turbines can generate electricity at night

or during overcast conditions.

Distributed power systems offer a multitude of advantages over a more centrally based

scheme that utilises large power stations. One such advantage of a distributed system

is the absence of a transmission network. This reduces the cost and construction

time of newly commissioned systems. Renewable energy based solutions are environ-

mentally friendly as they generate electricity from clean energy instead of fossil fuels.

Fossil fuel based systems such as coal power stations cause carbon emissions that

contribute to pollution and global warming [14, 15]. A key disadvantage of solar and

wind energy is their inability to provide consistent yield due to their time-varying

nature. This is overcome by adding storage, resulting in a stable power system

[10, 16–20].

2.1 Distributed Power Systems

2.1.1 Topologies

Various topologies of distributed systems are prevalent such as the isolated grids in

[16, 21, 22] or the non isolated grids as in [9, 10, 23]. An isolated grid is defined

as one which has no connection to a traditional utility provider whilst non-isolated
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systems have a connection to a utility grid. These grids are dependent on the utility

grid to provide energy when the renewable sources are not able to meet the load

demand. In comparison, isolated systems are required to ensure that the remote grid

is fully sustainable throughout the operational period as there is no connection to

the utility grid. Isolated systems are applicable to rural electrification where there

is no existing electrical infrastructure. The isolated grids are based on either AC

[24–27] or DC [10, 23, 28, 29].

When electricity generation by the renewable sources is low, these grids rely heavily

on storage to ensure the operationality of the remote grid. During a low generation

period load shedding or optimisation strategies can be implemented to prolong or

ensure the longevity of the grid [30–33]. When storage is completely depleted and

the grid is required to be functional, redundant diesel generators can be used to

supply electricity as a last resort [10, 11, 34].

Nanogrids and picogrids are topological variants of the standalone DC grid. These

grids operate on a low voltage and have low power capabilities [7, 35–38]. The power

capacity of these variants is lower than that of the more commonly known microgrids.

Picogrids and nanogrids are aimed at single buildings or households. Nanogrids

can meet all the requirements outlined in Chapter 1 except heating and cooking.

This makes these grids a tier two or three power system based on the classification

framework laid out in [1]. Cooking and heating can be done through non-electrical

means such as gas.

A nanogrid system consists of a minimum of three fundamental building blocks: a

generation block, a storage block and a load block. Cluster-based nanogrids [7, 8, 39]

create a cluster of the three blocks. Each cluster located within a single building is

interconnected to the neighbouring building which has a cluster. Similarly, multiple

neighbouring clusters are connected to create a power-sharing network. This results

in a more diverse power system in comparison to the single nanogrid. This diversity

results in a highly stable network when operating under normal conditions.

2.1.2 Control Strategies

Distributed grids can use a centralised or de-centralised control architecture to

regulate the grid [30, 40]. Centralised control uses a single intelligence to control all

elements on the grid at a global level and requires a communication link between the

elements and the controller unit. Distributed control has control actions distributed
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amongst the various elements on the grid. Hybrid control uses both central and

distributed control. The fast controller action is implemented locally and slower

control actions are implemented globally.

A distributed control architecture can have a communication link between the various

functional blocks. An autonomous control architecture is one where the control action

is distributed but there is no communication link between the various elements. This

architecture is illustrated in the the autonomous grids presented in [10, 28, 29, 41].

In place of a dedicated communication link, bus voltage signalling is utilised as shown

in [10, 42–44]. Bus voltage signalling is a method where the grid voltage is used to

infer information regarding the state of the grid. The inferred information is used to

implement the relevant actions. This makes the grid voltage the information carrier

on these systems. These controllers operate on the principle of stigmergy where the

objective of each element is locally achieved resulting in the achievement of a greater

global objective [32, 45, 46].

A central control architecture offers improved current sharing elements on the grid.

It is possible to achieve a tighter bus voltage regulation about the nominal grid

voltage on a central architecture. Central controllers make it easier to implement

coordinated strategies such as black starting and state of charge distribution of

energy storage elements on the grid. The main disadvantage of this control is the

computational burden is placed on a single entity which reduces robustness and

performance as the system size increases [30, 40]. A hybrid control strategy that

amalgamates both architectures offers the advantages of central and autonomous

control. Hybrid controllers, however, do require a communication link.

Hierarchical control uses the principle of multi-level control where the primary

controller is responsible for ensuring the overall stability of the grid [30, 40]. Secondary

or tertiary control can be used to control individual aspects of the power systems.

Primary controllers are responsible for ensuring power regulation on the bus while

secondary and tertiary controllers can be used to manage specific aspects such

as voltage regulation of the grid, MPPT of the solar functional block or battery

management of the storage block. A disadvantage of traditional hierarchical control is

the inability to effectively manage situations when multiple functional blocks attempt

to achieve the same objective [40].

Various control strategies can be implemented using either of the architectures

discussed above. A linear PID controller which is the simplest form of feedback

control, presented in [47], is not well suited for the microgrid environment due to the
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nonlinearities and time variance of the system. Basic PID controllers can be tuned

for a specific grid set-up if the generation or load profile is constant. Distributed

energy systems utilise solar or wind energy for generation which varies non linearly

as a function of time. This makes linear controllers ineffective on the distributed grid.

In order to overcome this it possible to use cascaded PID control schemes in [48–50]

where a PID controller is cascaded with a non-linear control strategy. Nonlinear

controllers such as sliding mode control can be implemented to grid systems to

achieve robust control [47].

A common strategy for autonomous grids is droop control [23, 41, 51, 52]. In droop

control, the required controller action is determined by the bus voltage or frequency

of the grid. This feature makes it possible to implement this strategy without a

communication link. As well as regulation, weighted droop control uses parameters

such as the State of Charge (SOC) of storage to ensure better SOC distribution

amongst the grid [40, 53] without the use of a communication link. Droop coefficients

can be adaptive as shown in [54] where the controller adapts for better regulation of

the grid.

Another common strategy is the use of state machine concepts demonstrated in

[9, 54–56]. Various modes of operations are defined as states. The boundaries of

these states are discretely defined using different voltage ranges. Within each state,

control action such as PID or alternative schemes can be implemented to achieve

the desired mode of operation. Elements undergo state transitions dependent on

the present value of the grid voltage and enter new states with specific modes of

operation which are geared towards stabilising the grid.

A common issue that arises with state machine based definitions is the false switching

between states when the bus voltage is near a boundary definition as described in [56].

Fuzzy control presented in [57, 58] can alleviate this problem. In place of discrete

bounds of operation, a fuzzy boundary is used which helps to overcome the false

switching between states experienced in state machine based approaches.

An optimal control strategy can be achieved on systems which have consistent profiles

using machine learning methods discussed in [59, 60]. These controllers evolve and

adapt over time in order to optimise the control action. With this approach the

longer the controller is acting on the grid the more optimal its control action. This

strategy fails when there is a high variance on the grid in terms of load or generation

profiles.

Although various control strategies currently exist reference [61] identifies one of
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the areas currently requiring attention on distributed energy systems is the control

strategies for energy storage elements. Reference [40] evaluates 67 various control

strategies published to establish the technology readiness level of distributed energy

systems. This evaluation was performed using the standardised scoring index de-

veloped in [62, 63]. This index ascertains how ready a technology is for end-user

deployment. None of the current strategies meet the required minimum rating of six

in order for it to be classified as “ready for end-user deployment”. Energy storage

on autonomous systems have the lowest scores and more research is required to

improve its technology readiness level. This dissertation focuses on developing the

control algorithms for interfacing storage to an autonomous DC grid. The algorithms

developed for storage are used to form the smart battery which is a storage solution

for DC grids. The smart battery in this study interfaces a lead acid battery to an

autonomous 12 V distributed DC grid.

2.2 DC-DC Converters

DC-DC converters are the cornerstone devices that make DC grids a possibility.

Converters which operate on DC grids are required to have bucking or boosting

capabilities in order to step-down or step-up the voltage from generator or storage

functional blocks. This can be accomplished using the simple buck-boost converter

demonstrated [64, 65]. However, isolated topologies are preferred due to their inherent

fault tolerance because of the galvanic isolation between the input and output ports.

The simplest isolated DC-DC converter that performs both bucking and boosting is

the flyback converter [10].

Uni-directional DC-DC converters are used for interfacing generation functional

blocks to the grid as they only supply energy to the grid and have uni-directional

current flow. Storage elements require converters with bi-directional capabilities to

cater for charging and discharging of batteries. Bi-directional current flow can be

achieved by anti paralleling two uni-directional converters as done in [10].

The Isolated Bi-directional Converter (IBC) is a single device that can allow two

quadrant current flow (i.e current can leave or enter the converter). In the IBC

family the simplest devices are ones which only use two switching elements such as

the bi-directional fly-back, dual-Cuk and Zeta-Sepic converters [66–72]. Devices with

only two switches typically have a lower power rating in comparison to topologies

which use more than two switching devices. A common topology that uses more than

two switching devices is the Dual Active Bridge (DAB) DC-DC converter [66, 67, 71].
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The DAB converter is used in UPS supplies, smart grids and electric vehicle charging

[66, 67, 71, 73, 74]. It is preferred over other topologies due to the high power capabil-

ity and the isolation between the grid and battery bank. The eight switching devices

of the DAB results in higher current capabilities due to the decrease in conduction

loss. The switching of multiple switches results in a complex driving scheme in

comparison to converters utilising fewer switches. An additional disadvantage of this

topology is the inefficiencies during light loading or when there is a drift from the

rated voltages. Efficiency at light loading can be improved by using the current fed

DAB converter instead of the conventional voltage fed converter [75, 76].

Switching of the DAB is typically done by IGBTs or MOSFETs [67, 73, 77–79]. Soft

switching can be implemented on the DAB resulting in greater reliability and a

reduction in the likelihood of a switching device failing due to the decreased strain

placed upon the switches.

Applications of the DAB can be found in both AC and DC grids [24–26, 73, 74]. For

AC grids [24–26] the DC output of the DAB is inverted directly or by using additional

inverters. Reference [24] presents an isolated 220 VRMS−220 VRMS transformer while

[26] operates on a 380 V isolation transformer. DAB based solid state transformers

have an advantage over conventional 50 Hz AC transformers as the high-frequency

link requires physically smaller magnetic components for the same power rating.

On a DC grid, the DAB can interface a battery bank to the grid by either stepping

up or down the voltage of the battery bank. Reference [77] presents a 336 V DC bus

to a 12 V battery bank capable of transferring 1 kW. The DAB presented in [77]

is asymmetrical as the same power is not transferred in both directions. Reference

[66, 77] highlights the challenges when designing converters capable of doing high

currents on the 12 V port. Similarly, [80, 81] presents DABs which have a high

voltage grid with a low voltage battery bank. However, the power flow is symmetrical

in these cases. A 12 V to 24 V DAB capable of delivering 600 W is presented in [78]

for applications on a smart grid. However, the validation and testing of this system

was only done through resistive loading and only unidirectional capabilities were

tested.

Different models of the DAB are presented in [66, 67, 73, 77, 82, 83] which can be

used to design DAB converters. Reference [67, 73, 77] uses a lossless model while

[66, 82] factors in losses. The small signal model developed by [83] indicates that

when the DAB is operating in discontinuous conduction mode the voltage at the

output begins to have low-frequency oscillations. This might be problematic in
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autonomous low voltage systems.

It is not common for the DAB to be applied in very low voltage systems where

the input and output voltages are matched. The more commonly found converter

steps up a low voltage to a higher voltage. This work will focus on identifying the

challenges and considerations when interfacing the DAB to a 12 V− 12 V system.

2.3 Storage on Grids

Storage of electrical energy for grid-based applications is achieved through gas, hydro

or chemical methods [84–86]. Pumped air storage or pumped hydroelectric storage

are methods of gas and hydro storage. These methods are more applicable to power

systems greater than 100 MW [86]. They require specific geographical features such

as salt caravans or large bodies of water on elevated terrains which limits the regions

where they can be implemented. Chemical storage is done in the form of batteries.

This form of energy storage is more applicable to a microgrid and its smaller variants.

The lead-acid battery is still the cheapest battery technology currently being applied

to grid installations [85, 87]. Its low cost and the modular packaging make it a highly

popular choice in grid installations. The drawback of this battery is the volume

to energy ratio is larger than other technologies which results in larger battery

installations. This does not factor heavily in grid installations as they do not usually

require mobility or have space constraints. An additional disadvantage of lead-acid

batteries is the low number of charge cycles before the battery reaches its end life.

End life reduction occurs if the battery experiences regular overcharging or a high

depth of discharge [86].

Two types of lead-acid batteries can be found: flooded and valve regulated. Flooded

batteries require maintenance due to electrolytic depletion that occurs with usage

while valve regulated batteries are maintenance free. Although the lead-acid battery

is a highly mature technology [84, 86] it is still an active area for research. Current

work looks at improving performance and increasing the longevity of the battery [84].

Research is also being conducted on battery health management systems [88–90] and

charging algorithms [91–93]. Advanced battery models are being pursued due to the

limitations of existing models as they do not adequately capture the state of charge

and state of health [94–97].

Lithium-ion is an alternative to the lead acid battery [86, 98]. These batteries have a
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higher energy density in comparison to lead acid which results in a smaller packaging

for the same capacity battery. A correctly managed lithium-ion battery provides

more charge cycles than a lead acid which results in a longer lifespan. Coupled

with this, lithium-ion batteries are the most efficient of the batteries discussed in

this section [99, 100]. The major drawback of this technology is the high cost and

sensitivity to overcharging which may result in battery overheating. The sensitivity to

overcharging can be overcome by using accurate chargers and algorithms as discussed

in [101–103].

An alternative to the modular packaging of batteries is the sodium sulphur batteries

[86, 104–107]. These batteries offer many advantages such as high depth of discharge

(90% [107]), low cost, long life and minimal environmental impact. The major

challenge that these batteries experience is the high operating temperatures of over

300 oC [86, 105]. A drawback of this technology is the highly reactive nature of

sodium with air. This highly reactive nature results in safety concerns when using

this technology.

Vanadium redox is a non-modular battery technology [86, 108–110]. This low-cost

battery technology has garnered a lot of research in recent times due to its extremely

long life of approximately 30 years discussed in [86]. This is substantially longer than

any of the above-mentioned technologies. Although this technology possesses a long

lifespan it has has a very low energy density resulting in large battery installations.

This battery is the least mature of all the technologies reviewed in this section.

An alternative to battery banks for storage is to use super capacitor banks [86,

100, 111–113]. Similar to lithium-ion, super capacitors possess high efficiencies [100].

The disadvantage of this technology is the high cost and low energy density of this

storage. Super capacitor systems are usually proposed in conjunction with storage

technologies that are capable of storing more energy [111, 112].

2.4 Conclusion

Distributed energy systems allow for renewable-based scalable electrical power sys-

tems. Due to the unpredictability and lack of production certainty from renewable

generation, storage is required on these systems. Storage can be implemented using

chemical methods such as batteries. The control algorithms required for storage

on distributed DC grids needs more research as the currently proposed strategies

are not mature and are not ready for commercial implementation. These strategies
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do not adequately deal with the time variance and nonlinearity of an autonomous

distributed DC power system. Isolated bi-directional converters are required for

interfacing batteries to DC grids. The DAB converter is bi-directional in nature and

is attractive due to its high power capabilities over other topologies. From the current

technologies being used in grid installations, the lead-acid battery remains a popular

choice due to its low cost, modularity and high maturity. This battery requires

battery management techniques to ensure the longevity of the battery. This chapter

has reviewed current research trends in distributed energy systems and established

storage solutions as an area that requires research attention. Chapter 3 develops the

distributed environment in which the smart battery storage solution will operate.
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Chapter 3

PeCo grid

The Personal Consumer (PeCo) grid is a 12 V distributed energy system aimed at

single households with particular attention to the electrification of rural Africa. A

12 V system is able to leverage the abundance of currently manufactured household

appliances that have been developed for camping and recreational vehicles. These

appliances are built to operate on a 12 V lead acid battery for use in off-grid locations.

A diagrammatic representation of the of the PeCo grid is shown in Figure 3.1.

Electricity generation is accomplished through the use of solar panels and wind

turbines. When there is surplus energy from generation, batteries store this energy.

Smart batteries also provide support to the grid when the generation devices are

not able to meet the load demand of the grid. Loads on the grid can be passive

12 V loads or have intelligence that allows for the implementation of load shedding

strategies. Figure 3.1 shows that the interaction between the three devices is

accomplished without the use of a dedicated communication link. The lack of a

dedicated communication link and the absence of a connection to an electrical utility

results in the PeCo grid being classified as an autonomous grid.

In order to commission a new grid or install a smart device into an existing grid, the

end user is simply required to plug a two wire connector into a socket. The smart

devices on the grid automatically reconfigure themselves when this event occurs and

no further user intervention is required.
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Figure 3.1: Block diagram showing smart devices on the PeCo grid.
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Figure 3.2: Model of load elements on the PeCo Grid.

3.1 Devices on the PeCo grid

3.1.1 Load Elements

Loads are the simplest elements on the PeCo grid and are modelled in Figure 3.2.

The load is simply reduced to a switched resistor as the capacitive and inductive

elements of the load tend to open-circuits and short-circuits respectively during

steady state DC conditions. The switch in Figure 3.2 can be active to capture the

behaviour of smart loads or passive for conventional loads.

3.1.2 Smart Generation

Smart solar/wind devices consist of a single solar panel or wind turbine connected to

a uni-directional converter as illustrated in Figure 3.1. A single solar panel or wind
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Figure 3.3: Model for sources and storage devices on the PeCo grid.

turbine topology is preferred over a string topology. This allows maximum power

to be extracted from each element as the weakest element does not determine the

maximum power output as in a string topology. The output power of these devices

is controlled by manipulating the duty cycle of the switch mode converter. The

behaviour when modulating the average output power is modelled using the circuit

shown in Figure 3.3. In this model, the generation device is a variable Thevenin

voltage and resistor. As current flow is only uni-directional for generation devices

it implies that Vth ≥ Vgr. This constraint ensures that ith only leaves the device

resulting in electrical power being transferred to the grid.

3.1.3 Smart Storage

A smart battery comprises of a battery connected to a bi-directional DC-DC converter.

This combination is able to store and supply energy in order to stabilise the grid.

The output voltage of the converter is always positive but the current ith can leave

the device for grid support or enter for battery charging. This behaviour is captured

using the model in Figure 3.3. During storage mode Vgr > Vth which ensures that the

current flow is −ith resulting in energy storage. During grid support mode the storage

element exhibits the same characteristic as a generation element where Vth ≥ Vgr and

the current flow is ith. The positive current flow results in the battery supporting

the grid. The equivalent Vth and Rth values are controlled by the modulation scheme

and control algorithms driving the converter.

3.1.4 Aggregated Grid Model

A potential version of the PeCo grid is shown in Figure 3.4. The aggregated grid

model is shown in Figure 3.5. The sources, storage elements and loads are aggregated

to form an equivalent DC voltage (Vag) source and resistor (Rag).
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The transmission line connecting the device to the grid is simply modelled as a resistor

in series with the source or storage device. The series resistor Rtrx models the losses

of the wire which results in a voltage drop between the output terminals the smart

devices on the grid. The inductive and capacitive elements of the transmission line are

neglected in the aggregated model as they tend to short and open circuits respectively

under steady state DC conditions. The shunt resistance of the transmission line has

a negligible effect due to the ultra-low voltage of the system hence is omitted.

3.2 Grid Voltage Protocol

Control algorithms can be implemented without the use of a dedicated communication

link. In place of a communication link, the grid voltage is utilised to infer information.

A protocol dependent on the grid is developed which allows for control action to

be implemented by the various devices. In order to allow the grid voltage to be

an information carrier, the Vmax and Vmin bounds of the grid are relaxed. This

relaxation implies that tight voltage regulation cannot be achieved on this grid. The

developed protocol which allows smart devices to infer information is presented in

Figure 3.6.

Smart solar panels have two modes of operation: MPPT mode and production curtail

mode. In MPPT mode the solar panel tracks the maximum power point of the solar

panel to ensure that all available solar energy is supplied to the grid. The solar

panel will continue injecting maximum power into the system until Vgr = Va. This

boundary informs the solar device that the grid is stable at the current power being

supplied. The solar device is required to maintain this power rating even if additional

solar energy is available. The control algorithm for the smart solar panel attempts

to drive its output voltage (Vgr) to voltage level Va.

Smart batteries have two modes of operation: grid support mode and storage mode.

In the storage mode the battery stores energy when there is a surplus. This energy

is discharged when the smart battery is supporting the grid. The boundary voltage

Vb determines the crossover between the two operational modes of the smart battery.

The asymmetry between the nominal points of the solar (Va) and battery (Vb) devices

ensures that the solar panel has the highest priority in supplying loads. The battery

will only support the grid when the solar devices are unable to meet the load demand.

Restart and shut-down modes are common to both generation and storage devices.

The shut-down mode is responsible for protection against over and under voltage
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Figure 3.4: A possible version of the PeCo grid containing multiple sources, storage
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Figure 3.5: An aggregated model of the PeCo grid shown in Figure 3.4 reduced to a

Thevenin equivalent where the smart battery connects at Vgr.
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Figure 3.6: Grid voltage protocol used by the smart devices to select modes of

operation.

fault conditions. From Figure 3.6 it can be seen that both modes operate within

the same voltage band. However, it must be noted that they can not co-exist at the

same time on the same device. They are sequential modes, where the next mode is

the inverse of the current mode. This toggling between the two modes occurs until

the system comes out of the fault condition.

A limitation of this protocol is that Vgr is affected by the transmission line connecting

the smart device to the grid. The voltage drop due to the line resistance (Rtrx)

can result in incorrect information inference if the transmission line losses are high.

Equation (3.1) shows the DC resistance of the transmission line where ρ [Ω.m] is

the resistivity of the material, l [m] is the length of the cable, and A [m2] is the

cross-sectional area. This limitation can be mitigated by the usage of thicker cables

or decreasing the length of the transmission line.

Rtrx = ρ
l

A
(3.1)
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3.3 System Scaling

The power of the system (Pmax [W]) is given by equation (3.2) where a is the number

of generation devices and b is the number of storage devices on the grid. The

operational region of the storage and generation devices is shown in Figure 3.7. Each

device is bounded to operate within Vmin and Vmax. The device is able to supply a

maximum current of ±imax. The addition of a new device will increase the overall

power of the system illustrated in Figure 3.7. As the voltage remains bounded and

the peak power capability increases, the maximum current that the system can

supply increases. When a new generation device is incorporated into the grid the

maximum current limit (imax) slides to the right of the operational region shown in

Figure 3.7. Adding more storage elements results in −imax sliding to the left and

imax sliding to the right. This sliding action is automatically achieved when a new

smart element is plugged into the grid.

Pmax =
a∑

n=1

Pn(storage) +
b∑

k=1

Pk(generation) (3.2)

The usage of an ultra-low voltage grid requires high currents to achieve high power

capabilities. Due to the high currents, thick cables are required in order to ensure

that there low transmission losses due to the cable. The thickness of the cable limits

the amount of current that can be passed through the centre bus topology illustrated

in Figure 3.1. This limits the extent to which the system can be scaled due to current

congestion on the central bus.

A method to reduce this congestion is to utilise a decentralised bus as shown in

Figure 3.8. The PeCo grid achieves this decentralised bus by the use of three ports

connected to Vgr. This three-port strategy results in a scalable Ad-Hoc architecture

with a de-centralised DC bus. The peak power of the system is also limited by the

manner in which the devices are interconnected. The power rating of the system can

be increased by trying to ensure that the loads are scattered amongst the source and

storage elements and are not all connected through a single port or connection point.

3.4 Conclusion

The PeCo grid’s nominal operating voltage of 12 V allows for the leveraging of

currently available appliances but this comes with the distinct disadvantage of high
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Figure 3.7: Operational region of storage and generation devices on the PeCo grid.

Figure 3.8: Scalability of the PeCo grid using a three port configuration.

currents required for high power. The system achieves autonomous control on the

grid through a developed protocol which infers information from the grid voltage.

The limitation when using this protocol is the voltage drop of the transmission line

cable which could potentially result in the possibility of misinformation.

Smart battery elements are modelled simply by using a Thevenin voltage with a

variable resistor. Similarly multiple, devices on the grid can be aggregated to form an

equivalent Thevenin network. This chapter provides the abstract model for a smart

battery to interface with the PeCo grid. Chapter 4 reviews models for a passive

lead-acid battery. These models provide an insight into the required transformation

for the passive lead-acid battery to exhibit the behaviour of a smart battery.
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Chapter 4

Lead-Acid Battery

Energy harvested from solar panels is stored chemically through the use of lead-acid

batteries. The lead-acid battery is preferred over other battery technologies due to

its modularity and low cost. Equivalent models are reviewed to characterise the

behaviour of this battery technology.

4.1 Battery Models

As lead-acid batteries are electrochemical devices, there exists electrical and chemical

models that capture the behaviour of this battery [114–119]. Chemical models

utilise complex equations to describe the behaviour of the battery whilst electrical

models use simpler circuit models. The component values of the electrical models are

obtained from curve fitting data gathered from testing procedures [117]. Curve fitting

is performed as the values are dependant on the construction and manufacturing

processes involved. Since each manufacturer utilises their own methods the component

values used in electrical models are battery specific and can not be generalised.

4.1.1 Simple Battery Model

The ideal battery shown in Figure 4.1a has a constant voltage with no current limit.

This behaviour is not realistic as real batteries can only provide a limited amount of

current due to the conduction losses and finite electrolytes within the battery. These

losses can be modelled as a series resistor as shown in Figure 4.1b. This improved

model limits the maximum power the battery can provide.
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Figure 4.1: Simple battery models.

4.1.2 Thevenin Battery Model

The discharge curve of a lead-acid battery undergoing constant current discharge

is shown in Figure 4.3. From this curve it is noted that the model discussed in

Section 4.1.1 does not capture the nonlinear behaviour of the lead-acid battery. An

alternative to the simple model presented earlier is the commonly used Thevenin

battery model [118–120] shown in Figure 4.2. This model captures the RC and

overvoltage behaviour that occurs during loading and unloading of the battery. In

addition to capturing the above-mentioned characteristics, this model improves upon

the simple model as the voltage source (Voc) is not constant but is dependant on the

State of Charge (SOC) of the battery. The linear relationship between the SOC and

the Open Circuit Voltage (OCV) of the battery is shown in Figure 4.4. Although the

Thevenin model captures the nonlinear behaviour, its drawback is the use of fixed

components. In reality, these parameters vary with time and are functions of:

• Battery age

• SOC

• Temperature

4.1.3 Dynamic Models

Dynamic models are used to capture the time varying properties of the battery. Com-

mon dynamic models are presented by Shepherd [114], Manegon [121] and Coppetti

[122]. The work done by Copetti et al. in [122] provides the most comprehensive

of the three models. Coppetti’s work captures the non-linear dynamic behaviour

using equations (4.1) to (4.9). An advantage of this model over the models presented
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Figure 4.2: Nonlinear Thevenin equivalent model of a lead-acid battery.
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Figure 4.3: Lead-acid battery discharge characteristic of a 7 Ah battery obtained

experimentally as described in Appendix H where the battery is discharged under

constant current and the load is disconnected at 190 min.

earlier in Sections 4.1.1 & 4.1.2 is its general nature allowing it to be applied without

requiring the rigorous battery testing as is common with electrical models [122].

The Coppetti model describes the operation of the battery using a charge mode

(equations (4.5) to (4.9)) and a discharge mode (equations (4.1) to (4.4)). The

discharge equation for a single cell is given by:

VDC = [2.085−0.12(1−SOC)]− I

CR
(

4

1 + I1.3
+

0.27

SOC1.5
+0.02)(1−0.007∆T ) (4.1)
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Figure 4.4: Open circuit voltage vs SOC of a 7 Ah lead acid battery obtained

experimentally as described in Appendix H where the battery is discharged under a

constant current of 1 A and the SOC is computed using Coulomb counting.

∆T = Tc − 25 (4.2)

SOC = 1− Q

CR
(4.3)

Q = Idtd (4.4)

where SOC is the current state of charge, CR [Ah] is 10 or 20 hour rated capacity

specified by the manufacturer, I[A] is the discharge current, Tc [oC] is the battery

temperature and Q [Ah] is the charge usage. The discharge equations factor in

temperature, SOC and battery loading.

The charge equations capture the behaviour of the battery during: the charge phase

where the battery does not experience gassing (equation (4.5)) and the overcharging

phase where the battery experiences gassing (equation (4.8)). The charge equations

are given by:

VCH = [2 + 0.16SOC] +
I

CR
(

6

1 + I0.86
+

0.48

(1− SOC)1.2
+ 0.036) (4.5)
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VG = [2.45 + 2.011.ln(1 +
I

CR
)](1− 0.002∆T ) (4.6)

VEC = [2.24 + 1.97ln(1 +
I

C10
)](1− 0.002∆T ) (4.7)

VOC = VG + (VEC − VG)[1− exp(AhRestored − 0.95C

Ich
τ(t))] (4.8)

τ =
17.3

1 + 852( I
CR

)1.67
(4.9)

4.2 Lead-Acid Operational Considerations

The levels to which the battery is charged and discharged play an important role in

battery management. If the lead-acid battery continuously experiences a high Depth

of Discharge (DOD), the life expectancy of the battery is significantly reduced.

During the charging phase, it is important to ensure that the battery does not

undergo overcharging as this reduces the electrolytic content within the battery

resulting in life expectancy reduction of the battery. The efficiency factor of stored

energy versus energy applied to the battery must also be considered during the

charging process. Reference [122] defines the charge efficiency as:

ηe = 1− exp[ a

I/I10 + b
(SOC − 1)] (4.10)

where a and b are found from curve fitting the batteries and are battery specific. The

various models show the role of temperature and how it affects the performance of

the battery. High temperatures result in electrolytic depletion which reduces battery

life.

4.3 Conclusion

The simple battery models do not fully capture the behaviour of the lead-acid battery.

An alternative to the simple model is the commonly used Thevenin model which is
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able to capture the battery’s nonlinear behaviour but relies on the model components

being constant. In reality, the lead-acid battery is a nonlinear and time-varying device

that changes as a function of SOC, age and temperature. These factors are taken

into consideration in dynamic battery models such as the Coppetti model. In order

to interface the nonlinear lead-acid battery to the PeCo grid discussed in Chapter 3,

a DC-DC converter is required to transform it to the required variable DC voltage

source and resistor. Chapter 5 investigates the dual active bridge bi-directional

DC-DC converter.
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Chapter 5

Dual Active Bridge

The Dual Active Bridge (DAB) is a bi-directional DC-DC converter topology that

is capable of high current transfer. A typical DAB can be seen in Figure 5.1. The

converter consists of two H-bridges that are magnetically coupled through a high-

frequency transformer. Energy storage is done in the leakage inductor LS . The

switches in the H-bridge can either be MOSFETs or IGBTs. The usage of eight

switching devices results in a reduction of conduction losses.

Considering the components shown in Figure 5.1 as ideal, the equivalent circuit

depicted in Figure 5.2 is obtained. Each H-Bridge is an AC voltage source while

the transformer and leakage inductor are collapsed to the single inductor Ls. From

this circuit, we note that this is the classical power transfer mechanism used in

bi-directional AC systems. By controlling the phase delay (α) between the primary

and secondary voltage sources the amount of power transferred to either voltage

source can be controlled. This is known as phase shift modulation and is the simplest

n:1

V1

+

−
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+

−
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+
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+

−

I2
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Figure 5.1: Dual active bridge DC-DC converter topology.
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Figure 5.2: Lossless model of the DAB.
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Figure 5.3: Operational waveforms for the DAB using phase shift modulation where

T1 and T2 are the periods of the square waves and T1 = T2.

of the DAB modulation schemes. Other modulation schemes such as triangular

modulation or trapezoidal modulation schemes discussed in [66] work on the principle

of manipulating the phase shift between the bridges and the duty cycle of the square

waves to achieve triangular and trapezoidal current waveforms through the inductor.

These schemes result in lower RMS currents in comparison to phase shift modulation

but come with an increase in complexity [66, 67].

Phase shift modulation is achieved by controlling the square waves VA and VB shown

in Figure 5.3. Delaying VB by some time α, a differential voltage VLs is applied to

the leakage inductor where VLs = VA − VB. The differential voltage VLs causes the

AC current ILs to flow through the leakage inductor. The direction of power flow

occurs from VA to VB if VB is the lagging source. Power flow can be reversed i.e.

from VB to VA by making VB the leading voltage source. The magnitude of the

transferred power is controlled by the duration of α.
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Figure 5.4: Inductor current and voltage waveforms for phase shift modulation over

one switching period TS .

5.1 Lossless Dual Active Bridge

The square waves VA and VB are given by equation (5.1) and equation (5.2) where V1

and Vgr are the respective DC voltages of the battery terminals and grid connection.

The square waves have a period of Ts and are symmetrical about Ts
2 .

VA(t) =

 V1 0 < t < Ts
2

−V1 Ts
2 < t < Ts

(5.1)

nVB(t− α) =

 nVgr α < t < Ts
2 + α

−nVgr Ts
2 + α < t < Ts + α

(5.2)

Consider the leakage inductor current (ILs) and voltage (VLs) waveforms for the

lossless DAB as depicted in Figure 5.4. The voltage can be related to the inductor

current by using equation (5.3) where i0 is the initial current of the inductor.

VLs = Ls
d ILs

dt

∴ ILs =
1

Ls

∫ Ts

0
VLs(t) dt+ i0

(5.3)



Chapter 5 — Dual Active Bridge 31

The inductor current can be divided into four intervals over the switching period Ts.

Each interval results in the switching currents shown in equations (5.4) to (5.8).

ia (t) =
(V1 + nVgr)

Ls
t+ i0 0 ≤ t ≤ t1 (5.4)

ib (t) =
(V1 − nVgr)

Ls
(t− t1) + i1 t1 ≤ t ≤ t2 (5.5)

ic (t) = −ia t2 ≤ t ≤ t3 (5.6)

id (t) = −ib t3 ≤ t ≤ t4 (5.7)

ILs = ia (t) + ib (t) + ic (t) + id (t) (5.8)

Due to the half cycle symmetry of the inductor current waveform io = −ib(Ts2 ) and

i1 = ia(t1). Solving equations (5.9) & (5.10) simultaneously the initial condition io

is solved for in equation (5.11).

i0 = −V1 − nVgr
Ls

(t2 − t1)− i1 (5.9)

i1 =
V1 + nVgr

Ls
t1 + i0 (5.10)

i0 =
Ts

4Ls
[nVgr(1− 4α)− V1], α =

t1
Ts

(5.11)

As ILS
has been defined as a function of the DC voltage sources and α, the average

power transfer to the DC sources can be obtained from equation (5.12).

P = Pgr = P1 =
1

t2

∫ t2

0
VA(t)ILs(t)dt

=
V1
t2

∫ t2

0
ILs(t)dt

=
αV1 nVgr(1− 2α)

fs Ls

(5.12)
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Figure 5.5: Power transfer to Vgr when varying α as per equation (5.12) for Ls =

1.8µH, V1 = 12 V and Vgr = 12 V.

The power transfer as a function of the delay α is shown in Figure 5.5. From Figure

5.5 the maximum power transfer occurs at α = 0.25. Substituting α = 0.25 into

equation (5.12) the maximum leakage inductance required for power transfer is:

Ls ≤
V1 nVgr

8 fs Pmax
(5.13)

The power transfer measured on the developed DAB in Appendix C is shown in

Figure 5.6. From this figure, it is observed that the power transferred to Vgr is less

than that of the ideal model described by equation (5.12). This is to be expected

as the ideal model does not account for losses in the DAB converter. An accurate

model for power transfer is required as this is utilised by the control algorithms in

Chapter 6.

5.2 Lossy Dual Active Bridge

The effect of losses on the DAB can be modelled using the circuit shown in Figure

5.7. The coil losses of the leakage inductor and transformer are lumped as a resistor

in series with the leakage inductor Ls. The closed form solution for this system has

been derived [66, 82] and is shown in equation (5.14). The complexity of this solution

results in an increase in the required computational power which is undesirable for

implementation on a microcontroller. An alternative to Krismer’s loss derivation
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Figure 5.6: Measured power transfer on the experimental prototype to Vgr when

varying α for Ls = 1.8µH, V1 = 12 V and Vgr = 12 V.

is work done in [82]. This model takes into account switching losses and source

resistances but is of greater complexity than Krismer’s work.

−
+

VA(t)

IL(t)

Ls Rs

+

−
nVB(t− α)

Figure 5.7: Lossy DAB model where R is the lumped coil resistance.

PLoss = {(1− 4τfstanh[
1

4τfs
])(
V 2
1

R
+
V 2
gr

R
)− 2V1Vgr

R
(1− |2φ|

π
+ 4τfssinh[

|φ|
2πτfs

])

+
8V1Vgrτfs

R
(cosh[

|φ|
2πτfs

]tanh[
1

4τfs
])}sgn(φ)

(5.14)

where τ = RL and φ = t1
2πfs
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Figure 5.8: Simulated inductor current when the series losses are varied.

An alternative estimation method is required that is less computationally burdensome.

Using the Spice simulation developed in Appendix B the effects of the losses is

captured in Figure 5.8. By keeping the leakage inductance Ls constant and varying

the series loss Rs, it is observed that as Rs → Xs (where Xs is the impedance at the

switching frequency) the current waveform becomes non-linear as the voltage across

the leakage inductor VLs is no longer the rectangular waveform shown in Figure 5.3.

If it is ensured that the designed dual active bridge abides by the following constraint:

• Rs << Xs = ωLs

the voltage waveform appearing across the leakage inductor is approximately the

same as that of the ideal waveform shown in Figure 5.3 as VRs << VLs . This results

in the current flowing through the leakage inductor to be approximately equal to

that of the ideal current derived in equation (5.8).

The losses of the coil is driven by an AC current therefore the RMS current is used to

compute the equivalent DC losses. From equation (5.8) and the half cycle symmetry
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of the inductor current waveform the RMS current is defined by:

ILRMS
=

√
2

Ts

∫ Ts

0
IL(t)2dt

=

√
1

Ts
(

∫ t1

0
ia(t)2dt+

∫ t2

t1

ib(t)2dt)

=

√
α2 V1 Vgr(48− 64α) + (V1 − Vgr)2

48L2
sf

2
s

(5.15)

Using equation (5.15) the conduction losses is expressed using the RMS current as:

PconductionLoss ≈ I 2
LRMS

(Rcoil + 2RDSon + 2
RDSon

n2
) (5.16)

where Rcoil[Ω] is the combined AC resistance of the transformer and inductor coils

and RDSon [Ω] is the on-resistance of the switching devices.

In addition to the conduction losses, the core losses need to be accounted for. The

core losses are modelled by the use of a shunt resistor connected to the dependant DC

voltage source as shown in Figure 5.9. The power dissipated by the core is expressed

in equation (5.17).

Pshunt =
V 2
1

Rshunt
(5.17)

where Rshunt[Ω] is obtained experimentally by measuring the average DC voltage

and current of the input port at zero power transfer with no loading on the output

port.

The total loss of the DAB converter is expressed as per equation (5.18). Using

equations (5.12) & (5.18) the transferred power to a port is expressed as shown in
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Figure 5.10: Experimentally measured and estimated power loss using equation (5.18)

for Ls = 1.8µH, V1 = 12 V and Vgr = 12 V.

equation (5.19).

PLossTotal = Pcore + Pshunt (5.18)

Ptrans = Pideal − Ploss (5.19)

Figure 5.10 compares the losses estimated using equation (5.18) to losses measured

by the prototype DAB in Appendix C. Figure 5.10 shows that the loss estimator is

able to estimate the power loss within 5%. As α increases, the RMS current increases

and the voltage drop across the resistance Rs has a greater influence on the RMS

current. This increase in VRs results in the RMS current from the lossless model to

deviate from the RMS current in a lossy DAB converter. Since the loss estimator is

based upon the ideal RMS current the loss estimator deviates from the measured

current. This technique allows the power transfer to be computed with an accuracy

of 5% without the use of a current sensing technique and is purely voltage based.
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Table 5.1: DAB Specifications for the PeCo Grid

Description Value Description Value

V1min 10 V V1nom 12 V

V1max 14 V Vgrmin 10 V

Vgrnom 12 V Vgrmax 14 V

Pmax 150 W Rs 40mΩ

fs 50 kHz

5.3 Selection of Ls

The leakage inductor is upper bounded as shown in equation (5.12). The lower bound

of the inductor is constrained by the loss Rs as discussed in Section 5.2. The required

inductance to achieve a particular power rating is:

10Rs
2πfs

≤ Ls ≤
nV1Vgr

8fsPmax
. (5.20)

This expression ensures that Rs << Xs which allows for the application of the lossless

estimation technique discussed above.

The designed DAB converter is required to meet the PeCo grid specifications sum-

marised in Table 5.1. Using the nominal specifications, the required inductance Ls

to achieve a power rating 150 W is given by: 1.2µH ≤ Ls ≤ 2.4µH.

The plots in figures 5.11 to 5.13 shows how the inductance affects the RMS current

and the delay α. From these figures, it can be seen that as the inductance decreases

the RMS current and α decrease. A lower RMS current is attractive as it results in

lower losses. As α decreases a higher resolution is required if the modulation scheme

is implemented using a digital device such as a micro-controller.

Factoring in the resolution constraint of the selected micro-controller in Appendix C

an inductance of 1.8µH was selected. Including the effects on α and RMS current

as a function of inductance, Figures 5.11-5.13 illustrate the effect that a voltage

mismatch between the input and output port has on the RMS current of the device.

This change in RMS current directly affects losses and hence the efficiency of the

device at different voltage levels.

The power transfer of the DAB from Appendix C is shown in Figure 5.14 which
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Figure 5.11: Ideal inductor current and delay α for P = 150 W when V1 = 12 V &

Vgr = 12 V

shows the symmetrical bi-directional nature of the converter. The efficiency of the

device is depicted in Figure 5.15. Figure 5.15 shows that the device is able to achieve

an efficiency of 90% above 40 W but has a low efficiency when lightly loaded.

5.4 Conclusion

The design of DAB revolves around the selection of the inductor Ls. Following

the design procedure and guidelines outlined in this chapter, a DAB capable of

transferring 150W at 12V was built and tested. The designed converter has an

efficiency of 90% at full loading. The design process also allows for a simple and

effective loss estimation technique developed to be implemented. This technique

is purely voltage based and does not require the usage of a current sensor. The

successful design of the DAB prototype establishes a platform for bi-directional power

processing. This platform can now be used to manage the interaction between the

lead-acid battery and the PeCo grid. The manner in which these interactions occur

is determined by the control algorithms developed in Chapter 6.
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Figure 5.12: Ideal inductor current and delay α for P = 150 W when V1 = 14 V &

Vgr = 12 V.
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Figure 5.13: Ideal inductor current and delay α for P = 150 W when V1 = 10 V &

Vgr = 12 V.
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Figure 5.14: Measured DAB power transfer of built experimental prototype when

Ls = 1.8µH, V1 = 12 V & Vgr = 12 V when loaded with a varying resistor.
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Figure 5.15: Measured efficiency of the experimental prototype for Ls = 1.8µH when

V1 = 12 V & Vgr = 12 V.
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Chapter 6

Control Algorithm

The control algorithms required to interface a lead-acid battery with the PeCo grid

is discussed in this chapter. The interaction between the lead-acid battery, the DAB

converter and the MCU is shown in Figure 6.1. Control signals sent from the MCU to

the DAB are based on the PeCo grid terminal voltage Vgr and the lead-acid battery

terminal voltage Vbat .

The objective of the controller is to stabilise the grid and manage the battery. These

objectives are accomplished by controlling the power flow to and from the battery

using the DAB converter developed in Chapter 5. The dynamics of the battery and

DAB are managed in a manner such that the equivalent circuit behaves as a variable

voltage source and resistor as shown in Figure 3.3. To establish the required control

action, identification of the commonly occurring events are required.

Lead-acid
Battery

Battery
Terminal Voltage

DAB

MCU

Control
Signal

PeCo
Grid

PeCo Grid
Voltage

Smart Battery

Power flow
Information flow

Figure 6.1: Block diagram of the smart battery showing key components and their

interactions.
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6.1 PeCo Grid Scenarios

The aggregated model of the grid developed in Chapter 3, repeated in Figure 6.2, is

used to derive the grid scenarios. The developed algorithms are required to maintain

a stable grid voltage as defined in Chapter 3.

−
+ Vag

Rag iag

Rl

Rtrx

Vgr

+

−

Figure 6.2: Grid model of the PeCo grid used to test the smart battery which

connects to Vgr.

6.1.1 No Generation on the Grid

In this instance, the smart battery is the only entity on the grid and is the simplest

of the grid scenarios. Since the resistance Rag =∞, the smart battery establishes a

grid and regulates the voltage across the lumped load resistance Rl which can vary

from Rmin to ∞. The lower bound Rmin is determined by the power rating of the

smart battery. The smart battery must be able to stabilise the grid over the entire

resistance range.

6.1.2 Lightly Loaded Grid

In this scenario Rl = ∞ and Vag > Vgr. These conditions describe the event that

occurs when there are no loads on the grid and generation devices are producing

energy. Due to the load not consuming power the smart battery is required to store

the generated energy. When the grid experiences this event, the aggregated current

iag can vary from 0 ≤ iag ≤ iagmax as the generated energy fluctuates. Even though

the generation current is fluctuating, the smart battery is required to keep Vgr stable.



Chapter 6 — Control Algorithm 43

6.1.3 Operational Grid

When the grid is in operation, there is generation and load consumption occurring

simultaneously. The role of the smart battery is to modulate the power flow to and

from the battery in a manner that ensures the grid is stabilised. This requires that

the battery is able to smoothly transition from supplying power to absorbing power.

6.2 Battery Functionality

In addition to the scenarios described in Section 6.1, the smart battery is required to

have additional functionalities that result in a stable and durable power system. This

section identifies the functional requirements for a stable and robust power system.

6.2.1 Soft Starting

During start-up, the device raises the grid voltage which establishes a grid. A step

start-up from 0 to Vnom is likely to result in transient behaviour on the DC grid.

However, if the voltage is ramped up, the likelihood of transient voltages being

introduced into the system are lower.

6.2.2 Fault Detection and Protection

Two types of faults can occur on the PeCo grid i.e: over-voltage and under-voltage

faults. Under-voltage faults indicate a heavily loaded system or short circuit. During

the time interval while the fault is in progress the smart battery must disconnect

from the grid in order to protect the device. If all smart devices implement this

disconnection procedure during faults, the power system is inherently protected.

Once the fault has passed, the grid is required to automatically detect this and

restart.

6.2.3 System Scaling

The device must seamlessly interface and integrate into an existing power system

which could potentially consist of multiple generation and storage elements. The

commissioning and integration must occur with minimal user interaction. This
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process must occur automatically when the smart device is plugged into the PeCo

grid.

6.2.4 Battery Management

Although the smart battery’s primary objective is grid stabilisation, the passive

battery technology requires management to ensure longevity and lifespan prolongment.

Battery management is responsible for tracking the SOC which prevents overcharging

from occurring. To prevent over discharging the battery the DOD is monitored

as there is a direct relationship between battery lifespan and DOD for lead-acid

batteries.

6.3 Voltage Inference Engine

One of the key features of the PeCo grid is the absence of a dedicated communication

link between smart elements on the grid. All control action is based on the grid

voltage Vgr that each device sees at its output terminal. To achieve the characteristics

discussed in Sections 6.1 & 6.2 an inference method is designed to deduce information

from the grid voltage. The designed inference engine is shown in Table 6.1. The

relationship between the voltage levels in the inference engine is described using the

voltage line in Figure 6.3.

An over-voltage fault is triggered when the grid voltage exceeds the maximum voltage

Vmax. Similarly, a short circuit or overloading is detected when the voltage falls

below or cannot be raised above the lower bound Vmin. Three levels of health

have been demarcated to provide an indicator on the current condition of the grid.

Moving the grid trajectory towards the “good health band” is the desired outcome

of the smart devices on the grid. Although the orange and yellow bands are less

desired in comparison to the green band, the grid is still regarded as operational and

will continue to function while the smart devices attempt to re-correct and move

the grid voltage trajectory towards the green band. A similar approach is used to

infer information from the terminals of the battery. The battery inference engine is

shown in Table 6.2. A voltage below Vbatmin
indicates a faulty battery or no battery

connection while a voltage above Vbatmax indicates that the battery is experiencing

overcharging.
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0 Vrst Vmin V1 Vn1 Vn2 Va V3 Vmax

Figure 6.3: Grid voltage levels utilised for grid inference engine in Table 6.1.

Voltage (V) Inferred Information

0 < Vgr < Vmin Overloaded grid or Short Circuit

Vrst < Vgr < Vmin & ∆Vgr > 0 Devices restarting grid

Vmin ≤ Vgr < V1 Grid Health: Marginally Ok

V1 ≤ Vgr < Vn1 Grid Health: Acceptable

Vn1 ≤ Vgr ≤ Vn2 Grid Health: Good

Vn2 < Vgr < V3 Grid Health: Marginally Acceptable

V3 ≤ Vgr ≤ Vmax Grid Health: Marginally Ok

Vgr > Vmax Overvoltage

Va ≤ Vgr < Vmax Solar energy available

Table 6.1: Grid voltage inference engine

6.4 Smart Battery as a Finite State Machine

The smart battery is modelled as a state machine to describe the actions performed

to meet the objectives discussed earlier. Two finite state machines are utilised

where one machine describes the storage behaviour and the other the grid support

behaviour. The grid support state machine shown in Figure 6.5 supplies energy when

the generation devices are not able to meet the load demand. The storage state

machine shown in Figure 6.6 stores surplus energy by charging up the battery. Before

the smart battery enters either state machine the procedure shown in Figure 6.4 is

performed to establish the health of the battery which will determine if a connection

to the PeCo grid is allowed.

Voltage (V) Inferred Information

0 < Vbat < Vbatmin
Battery faulty or unsafe for use

Vbatmin
≤ Vbat ≤ Vbatmax Battery usage allowed

Vbat ≥ Vbatmax Battery overcharging

Table 6.2: Lead-acid battery terminal voltage inference engine where Vbat is the

terminal voltage
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Check Passive Battery

Measure Grid Voltage

Smart Battery State Machines

Turn off Smart battery

Sleep Mode

[Healthy]

[Unhealthy]

Figure 6.4: Smart battery instruction cycle routine.

Start-up

Increase Support

Maintain Support

Decrease Support

Shut-down

Battery Charge Machine

Transient Absorption

ik ≤ im & Vgr < Vmin

ik > im &
Vgr < Vmin

[k = ST ] or
[Vrst < Vgr < Vmin & ∆Vgr > 0]

k < ST

Vgr ≥ Vmin

Vgr < Vmin

& Pk = Pm

Pk < Pm &
Vgr < Vn1

[Vgr > Vn1] or
[Pk = Pm &Vgr ≥ Vmin]

[Vn1 ≤ Vgr ≤ Vn2] or [Pk = Pm & Vgr ≥ Vmin]

Vgr < Vn1 &
Pk < Pm Vgr < Vmin &

Pk = Pm

Vgr > Vn2

Vn2 < Vgr ≤ Va &
Pk > 0

Vgr < Vn2

Va ≤ Vgr ≤ Vmax

& Pk < 0

Va ≤ Vgr ≤ Vmax

& Pk > 0

Vgr > Vmax

• ST = Sleep Timer

• Vrst = Restart Voltage

• Pk = Current Output Power

• Pm = Maximum Output Power

• im = Maximum Current

• ik = Output Current

Figure 6.5: Grid support state machine for the smart battery.
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Increase Storage

Maintain Storage

Decrease Storage

Shut-down

Grid-Support Machine

Vgr > Vmax

& Pk = −Pm

Vgr ≥ Vn2 &
Pk > −Pm

[Vgr < Vn2] or
[Pk = −Pm &Vgr ≤ Vmax]

Vn1 ≤ Vgr ≤ Vn2 or [Pk = −Pm &Vgr ≤ Vmax]

Vgr > Vn2

& Pk > −Pm

Vgr < Vn1

& Pk < 0
V1 ≤ Vgr < Vn1

& Pk < 0

Vgr > Vn1

Vgr < V1 & Pk = 0Va ≤ Vgr ≤ Vmax

• Pk = Current Output Power

• Pm = Maximum Consumption Power

Figure 6.6: Battery charge state machine for the smart battery.

6.4.1 Increase Supplied Power

During the increase support state, the smart battery increases its output power

using equation (6.1). An increase in power implies that ∆P > 0 which results in

the rising of the grid voltage Vgr. The increment by which the power is increased

varies depending on the current status of the grid voltage. Three discrete increase

increments are proposed as depicted in Figure 6.7 where a higher ∆P is used when

the grid voltage is closer to the minimum voltage Vmin. As the grid voltage trajectory

approaches Vn1, ∆P is decreased as the smart battery infers that the grid health is

improving.

Pk = Pk−1 + ∆P 0 ≤ Pk ≤ Pmax (6.1)

6.4.2 Decrease Support

The decrease support state is the inverse operation of the increase state. In this

state ∆P < 0 in equation equation (6.1) resulting in a reduction of the grid voltage

Vgr. This state occurs when the device’s power output is higher than required which

causes the grid voltage to rise. The three discrete decrements described in Figure 6.7

indicate that the power decrement is largest when the grid voltage is nearing Vmax .

Similar to the increase state, as the voltage trajectory approaches Vn2 the magnitude

of the decrement decreases.
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Vmin V1 V2 Vn1 Vn2 V3 V4 Vmax

c3

c2

c1

c1

c2

c3

Vgr

∆P

Figure 6.7: ∆P for increase and decrease support/storage states

6.4.3 Increase Storage

The increase storage state increases the energy absorption from the grid. This

state stabilises the grid by absorbing the surplus energy on the grid and storing

it in the passive lead acid battery. The absorption rate is controlled by the power

consumption of the smart battery as shown in equation (6.2). Similar to the support

states, discrete ∆P levels are used which depend on the grid voltage as shown in

Figure (6.1). As the power transferred to the battery increases ∆P < 0. The increase

in battery charge current results in the grid voltage decreasing. When the voltage

trajectory approaches Vn2 the change in power consumption decreases.

Pk = Pk−1 + ∆P − Pm ≤ Pk ≤ 0 (6.2)

6.4.4 Decrease Storage

The decrease storage mode is used to reduce the power consumption of the battery

when the generation devices are not providing as much power as they previously

were. In this state the consumption rate is reduced as the grid Vgr tends towards

Vmin. The discrete changes in power are shown in Figure 6.7 which indicates that

the device reduces the magnitude of ∆P as the grid voltage approaches Vn1. During

this state ∆P > 0 as the battery charge current is being reduced.
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6.4.5 Maintain Support and Storage

These states are common to both modes of operation and occur when the above-

mentioned states are able to force the grid voltage to the nominal region, indicating a

healthy grid. During this state ∆P = 0 and the smart battery continues to maintain

a constant power output. As the bounds Vn1 & Vn2 tend to each other, the regulation

of the grid becomes tighter. This tighter regulation results in an oscillation about

nominal voltage due to the manner in which the previously discussed states approach

the nominal voltage. By relaxing the nominal bounds a nominal region is formed

instead which results in a less tightly regulated grid. However, the grid voltage will

no longer oscillate about a single point but will lie in the nominal region.

6.4.6 Transient Absorption

The transient absorption state is designed to reduce the rise in grid voltage that

occurs when the grid structure changes. This change occurs when devices are plugged

in to or out of the grid. This mode targets the scenario where the smart battery is

supporting the grid and the load profile changes. If there is a transition between

loading to no loading of the smart battery, the output capacitors charge up as the

device’s output power level has not changed. The charging could result in Vgr > Vmax

as the new power output level is discretely stepped through. With no load to dissipate

the power, the device is forced to shut-down. A false shut-down is prevented by using

the transient absorption logic developed in Figure 6.8 which results in the charge on

the bus capacitor being discharged into the lead-acid battery. If discharging fails it

implies there is an overvoltage condition and shut-down is necessary.

6.4.7 Shut-down

The shut-down state is used to protect the grid and lead-acid battery during a fault

event. In the shut-down state, the device’s output power is zero. If all devices on the

grid turn off, no power is dissipated and the overall grid is protected. The conditions

for an overvoltage fault occurs when the Vgr > Vmax and an under-voltage fault

occurs when Vgr < Vmin. Under voltage is associated with grid overloading or short

circuit faults.
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Set output
power to zero

Measure Vgr

Return to
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Start Storage

Measure Vgr
Increase Storage

Rate

Set Power to
Zero

Return to
state machine

Shut Down

[Vgr ≤ Vmax][Vgr > Vmax]

[Vgr ≤ Vmax]

[Vgr > Vmax]& [Pk < −Pm]

[Vgr > Vmax & Pk ≥ −Pm]

Figure 6.8: Transient absorption logic.

6.4.8 Restart

After a shut-down event, it is necessary to restart all devices using a soft start as

mentioned earlier. The rising grid voltage gives additional devices on the grid an

opportunity to synchronise their startups using the logic shown in Figure 6.9. This

synchronisation allows for black starting of loads larger than the power capability

of a single device. If a restart fails, that is the device is unable to raise Vgr > Vmin

even though maximum current is injected into the grid, the device shuts down and

goes into a sleep mode. In this mode, the device monitors the grid voltage observing

if other devices are attempting to restart the grid which is inferred using Table 6.1.

The sleep mode will only last for a finite amount of time before attempting a restart.

6.5 Battery Management

The battery management is carried out using the algorithm in Figure 6.10. The

management algorithm uses the SOC and terminal voltages of the battery to manage

it. The SOC is computed using the Coulomb counting technique in equation (6.3)

which computes the SOC change when the battery is being loaded. However, this
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Set Power
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Power

Measure Vgr
Increase

Output Current

Delay

Enter Battery
State Machine

Set Current
To Zero

Measure Vgr

[Vgr ≥ Vmin] [Vgr < Vmin & ik ≤ im]

[Vgr < Vmin & ik > im]

k < ST∆V gr > 0 & Vrst < Vgr < Vmin

k ≥ ST

Figure 6.9: Start up procedure for the smart battery on a PeCo grid.

method is an integral based method which results in the wind-up of the error from

the measurements. To overcome this the battery terminal voltage is used to reset the

SOC. This is accomplished by using the linear OCV and SOC relationship discussed

in Chapter 4. As shown in Appendix H the true open circuit voltage of the battery

cannot be established instantaneously when the load is disconnected. Due to the

RC nature, a waiting period is utilised before resetting the SOC counter. The SOC

computation happens at a much slower rate in comparison to the grid stabilisation
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Counter

[Phigh]

[Plow]

[counter exceeded]
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Figure 6.10: SOC computation and reset procedure used for battery management.

routine and is performed once every second.

SOC = ηb∆t
ik + ik−1

2C
+ SOCk−1 (6.3)

where ηb is the battery charge/discharge efficiency, ik [A] is present current meas-

urement, ik−1 [A] is the previous current measurement, C [Ah] is the total battery

capacity, ∆t is the time between the present and previous measurements and SOCk−1

is the previous state of charge value.

In addition to the SOC, the terminal voltage is used for battery protection. The

smart battery is only allowed to participate in the PeCo grid if the voltage of the

lead-acid battery terminals are between Vbatmin
& Vbatmax . The charge curve for the

lead-acid battery is shown in Figure 6.11 under constant generation. Due to the

varying nature of renewable generation, the battery charge current is upper bounded

by imax during the constant current phase of the charging but can be any current

in the shaded region. Similarly the constant voltage phase of charging bounds the

charge voltage to Vmax. As generation varies below the maximum bounds the time

t1 shifts to the right as the battery takes longer to charge.
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Figure 6.11: Lead-acid battery charge curve.
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Figure 6.12: Model of smart battery when changing ∆P .

6.6 Output Capacitance

The model of the smart battery when changing its output power is seen in Figure

6.12 where Rs is the internal resistance of the smart battery and Co is the output

capacitance of the battery. When the output power changes a step voltage is applied

to the RC network. As the entire control algorithm is based upon the steady state

value on the output capacitor it is important that the control algorithm does not

change its power level while the capacitor is approaching its steady state value. If

the battery makes a change before the capacitor reaches its steady-state value, the

smart battery will not be able to set the power output to a level that forces the

voltage trajectory into the healthy grid region. This can be resolved by ensuring the

power output is changed once RC network reaches steady-state.
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6.7 Conclusion

The control action required to achieve the required functionality has been developed

in this chapter. Using these control algorithms the smart battery has the ability to

interface with the PeCo grid. The algorithms give the smart battery functionality

such as fault protection, black starting and grid stabilisation. Including interfacing

to the PeCo grid the smart device performs battery management of the lead-acid

battery. The management of the battery utilises Coulomb counting and the open

circuit voltage of the lead-acid battery to establish the SOC of the device. The next

chapter experimentally validates the control algorithms of the smart battery.
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Chapter 7

Smart Battery Performance

This chapter evaluates the performance of the smart battery to establish the effect-

iveness and identify its shortcomings of the algorithm developed in Chapter 6 The

performance of the battery is evaluated using the test grid developed in Appendix G.

The test bed allows for the grid scenarios discussed in Section 6.1 to be replicated in

order to observe the behaviour of the smart battery.

7.1 No Generation on the Grid

During this scenario, there are no generation elements on the grid and the smart

device is required to regulate the grid voltage (Vgr) as the load profile varies. The

setup shown in Figure 7.1 is used to recreate this scenario. The variable resistor RL

is varied using the profile shown in Figure 7.2 and the respective behaviour exhibited

by the smart battery is depicted in Figure 7.3. The profile was selected due to its non

linearity. The figure demonstrates the ability of the smart battery to increase and

decrease its power output to ensure that the grid voltage remains regulated around

12 V. At 31 s the resistance changes from minimum resistance to the maximum

resistance resulting in a transient on the grid voltage.

Smart
Battery Vgr

Rtrx iL

RL

Figure 7.1: Test set-up used for the varying load with no generation where Rtrx =

8mΩ and 2.5 Ω ≤ RL ≤ 17.5 Ω.
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Figure 7.2: Variable resistor profile used for the varying load test.
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Figure 7.3: Voltage and current response when varying the load with no generation.

This transient behaviour is further investigated using the set-up shown in Figure

7.4. A step load test is conducted by opening switch S1 resulting in the waveforms

shown in Figure 7.5 which show the behaviour that occurs when the load or the

smart battery is disconnected from the grid. As there is no prior knowledge of the

disconnect event, the device continues to maintain its output power which results in

an increase of the voltage Vgr. This increase is detected by the device and it attempts

to reduce the stored energy on the capacitors by transferring it to the battery which

causes the reduction of the grid voltage. Once the voltage is within the bounds

the smart battery re-adjusts its output power. The power re-adjustment causes an

oscillatory behaviour as the battery attempts to move the voltage trajectory to the
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stable region.

Smart
Battery Vgr

Rtrx iL

RL

S1

Figure 7.4: Test set-up used for the step load experiment where Rtrx = 96mΩ and

RL = 0.96 Ω.
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Figure 7.5: Grid voltage and load current when disconnecting a 0.96 Ω load.

The load connect test emulates the behaviour when a load is connected to the smart

battery. This test shows that at the point of connection there is current flow from

the output capacitors of the smart battery to the load which results in a collapsing of

the voltage Vgr. This falling voltage is detected and the battery increases its power

output until the grid voltage reaches the operational region. The grid voltage is

stabilised at Vgr which is measured at the output of the smart battery as illustrated

in Figure 7.4.
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Figure 7.6: Grid voltage and load current when connecting a 0.96 Ω load

7.2 Lightly Loaded Grid

These tests are used to evaluate the battery behaviour when there is no loading on

the grid and are carried out using the set-up shown in Figure 7.7. The generation

emulator is implemented using a bench power supply with the voltage and current

transfer function shown in Figure 7.8. The output voltage is regulated at a voltage of

Vs until it reaches the current limit is. The current limit point is is varied to emulate

a variable generation profile as shown in Figure 7.9.

Smart
Battery Vgr

Rtrx

ib

Vs
Generation
Emulator

Figure 7.7: Test set-up when varying generation with no loading where Rtrx = 64mΩ.

The battery response to the variable generation profile is shown in Figure 7.10.

During the time interval 0 ≤ t ≤ t0 there is no generation current and the battery

supports the grid in order to keep the grid voltage regulated. Between t1 ≤ t ≤ t2,
the generation devices produce energy causing an increase in the grid voltage and

this is detected by the smart battery which begins storing the energy. At t2 the

generation energy begins to reduce and the smart battery decreases its charge current

accordingly to ensure the grid voltage is stable. This proves that the smart battery
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Figure 7.8: V-I curve for generation emulator implemented using a current limited

DC bench supply.
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Figure 7.9: Varying generation profile.

absorbs all the available solar energy while ensuring grid stability.

To observe the behaviour when the battery switches from support to storage mode,

the test depicted shown in Figure 7.11 is performed. The switch S1 is connected and

the response from this event is shown in Figure 7.12. When the generation device is

connected to the grid the smart battery is supplying power which causes the grid

voltage to rise sharply and the battery to switch into storage mode. The battery

increases its storage power until the grid storage stabilises and maximum power is

consumed.

Figure 7.13 shows the behaviour when the battery is disconnected while storing
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Figure 7.10: Performance curves when varying generation with no passive loading.
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Figure 7.11: Test set-up for step response when connecting a generation element

with no passive loads on the grid. Rtrx = 64mΩ.
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Figure 7.12: Smart battery response when connecting a generation device.
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Figure 7.13: Smart battery response when disconnecting a generation device.

energy. This response is extracted by opening the switch S1 while the battery is

charging. At the disconnect event, the smart battery discharges the energy stored on

its output capacitors into the battery which causes the grid voltage Vgr to fall. The

control algorithm corrects this and switches to grid support mode to ensure the Vgr

voltage is stabilised.

7.3 Fully Functional Grid

This examines the behaviour of the smart battery when there are generation and

load elements on the grid as shown in Figure 7.14.

Smart
Battery Vgr

Rtrx1 ib
Rtrx2is

Rl

il

Vs
Generation
Emulator

Figure 7.14: Test set-up for a fully functional grid with variable generation and load

where Rtrx1 = Rtrx2 = 48mΩ.

The first test is conducted by keeping the load resistance constant and varying the

generation. Between the time interval 0 ≤ t ≤ t0, there is additional energy after the
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load is supplied and the battery stores this. At t1, the generation current meets the

load requirement and no energy is stored in the battery. During the time interval

between t1 < t ≤ t2 the generated energy is decreasing and grid support is provided

by the smart battery as it increases its output current in order to stabilise the grid

voltage. This support action is continued between t2 ≤ t ≤ t3 where the generation

current is zero and the grid is completely stabilised by the smart battery. During

the next time interval, generation energy is available and the smart battery reduces

its supplied energy.
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Figure 7.15: Smart battery response when varying generation for a 4.5 Ω fixed load

for the in Figure 7.14.

This test comprehensively shows how the smart battery symbiotically interacts with
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the generation elements. A key demonstration from this test is the ability of the

device to allow for generation to take priority in supplying loads and providing

support only when the smart generation cannot meet the load demand. Similar to

the fixed load test the smart battery demonstrates the same characteristics when the

load and generation are varied simultaneously as shown in Figure 7.15. The noise on

the grid voltage is a result of the variable resistor controller described in Appendix

G which provides a digital load emulator. The digital resistor was selected over a

conventional resistor as a time varying non-linear profile could be replicated in a

repeatable manner.
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Figure 7.16: Smart battery response when varying both the generation and load

using the set-up in Figure 7.14.
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7.4 Scaling

The test shows the scalability of the smart battery to integrate into an existing

network seamlessly by plugging in a second device. The set-up in Figure 7.17 shows

two smart battery devices connected to the grid with no generation devices present.

The resultant waveforms from the experiment are shown in Figure 7.18. Initially

battery one is sustaining a 150 W load which is close to the maximum power capability

of a single smart battery. At time t0 switch S2 is closed, increasing the total load

requirement to 300 W. The close up of the behaviour from the various devices at time

t0 is shown in Figure 7.19. Examining the behaviour at t0, it is observed that the grid

voltage can only be raised to 8 V when the device is at its maximum current output.

This is below Vmin hence the device shuts down. A restart attempt occurs at t1 as

shown in Figure 7.20 but fails due to there being only one battery operational at this

time. At time t2 switch S1 is closed and the system restarts as shown in Figure 7.21.

The output capacitors of battery two are discharged at the time of closing switch

S1 as the voltage Vgr = 0 V while the output of the second battery is 12 V. Battery

one detects a ∆Vgr and starts up. Since the total power capability of both devices is

slightly over 300 W the load demand can be met and the grid voltage Vgr ≈ 12 V.

Although both devices are sustaining the grid they do not share the current equally

as they both see different voltages at their respective connection point.

Smart
Battery 1

Vgr

Rtrx1 ib1
Rtrx3 il

R1

R2

S2

Smart
Battery 2

Vgr

Rtrx2 ib2
S1

Figure 7.17: Test set-up used for scalability test where Rtrx1 = 16mΩ, Rtrx2 = 32mΩ,

Rtrx3 = 96mΩ, R1 = 0.83Ω and R2 = 0.95 Ω
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Figure 7.18: Performance waveforms of the two batteries when scaling system from

150 W to approximatly 300 W.

7.5 Short circuit protection

The short circuit protection is conducted using the test set-up in Figure 7.22. During

this test, two smart batteries supply 300 W load and a short circuit is applied. Figure

7.23 shows the behaviour when the fault condition occurs. Three key segments of

this event are examined to understand the behaviour during the fault event. At time

t0 switch S2 is closed which places a short circuit on the system. The behaviour at

time t0 captured in Figure 7.24 shows that when the grid is shorted, the voltage at

Vgr collapses. This collapse results in both devices attempting to restart the grid,

however, the voltage cannot be raised due to the short condition. The failure to
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Figure 7.19: Performance when a 300 W device is connected.
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Figure 7.20: Failed restart where one device is trying to start up a 300 W load.

raise the grid voltage forces the device into a sleep mode which expires after a finite

duration. After the device exits the sleep mode, it attempts to restart the grid during

t1 ≤ t ≤ t2. The restart attempts are that of individual devices as there is no prior

communication as to when each device will attempt a restart as the events are not

synchronised. The restart attempt of battery one is shown in Figure 7.25 which

illustrates how the smart battery ramps its output current but is unable to raise the

grid voltage Vgr. This failure to raise the grid voltage forces the device to return to

the sleep mode. At time t2, the switch S2 is opened and the fault is removed. During
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Figure 7.21: Grid start up when a second smart battery is inserted.

the second periodic attempt at a restart by battery one seen in Figure 7.26, it can be

observed that device one is able to raise the grid voltage above the Vrst voltage level.

Device two notices the change in the grid voltage and the raising above Vrst which

brings it into restart mode. This restart happens 20ms after device one initialises a

restart. The smart batteries are able to synchronise their restarts of both devices

and supply a 300 W. This load is greater than the power capability of a single device.

This experiment demonstrates the self-healing capability of the smart battery and

its ability to black start the PeCo grid.

Smart
Battery 1

Vgr

Rtrx1 ib1
Rtrx3 il

R1 S2

Smart
Battery 2

Vgr

Rtrx2 ib2

Figure 7.22: Test set-up used for fault event test when a short circuit event occurs

where Rtrx1 = 16mΩ, Rtrx2 = 32mΩ, Rtrx3 = 0.96mΩ and R1 = 0.45 Ω.
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Figure 7.23: System behaviour during a short circuit fault.

7.6 Battery Charging

The battery charging is validated using the generation test shown in Figure 7.7. A

fully charged smart battery is interfaced to a generation emulator capable of providing

is = 6 A of charge current. Figure 7.27 shows the behaviour when the described

scenario occurs. Even though there is additional energy available, the smart device

only absorbs sufficient energy to keep the terminal of the passive lead-acid battery

at a float voltage of 14 V. This ensures that the battery is not overcharged. The

correct behaviour of the smart battery charging during the constant current mode of

charging is proven by the tests conducted in Section 7.2.
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Figure 7.24: Zoomed in view of t0 when the short circuit fault event occurs.
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Figure 7.25: Restart attempt at t1 during the short circuit fault event.
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Figure 7.26: Successful restart after short circuit event has cleared at t2.
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Figure 7.27: Battery end of charge waveforms with no loading and only generation

present.

7.7 Conclusion

This section validates the performance of the smart battery which allows for storage

to be implemented on an autonomous DC grid. From the tests, the device can

seamlessly switch between charge and discharge mode to stabilise the grid voltage Vgr.

In addition to stabilising the grid, the storage solution is scalable and is completely

plug and play. The smart battery can also protect against faults such as overloading
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or a short circuit. The battery self-heals when the fault is removed as it is able to

automatically restart the grid. All of these features are achieved by monitoring the

grid voltage. This method of controlling the device does come at a price as the current

is not shared equally between devices and the grid voltage is not tightly regulated.

This can be seen by the voltage perturbations occurring during the connect and

disconnect of both generation and storage. However, the grid is able to recover from

these perturbations and stabilise.
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Chapter 8

Conclusion

This work focused on the development of a smart battery in order to add storage to

an autonomous 12 V DC grid. The developed smart battery has the ability to store

surplus energy and support the grid when energy from generation devices are low.

The smart battery consists of a 12 V lead-acid battery connected to a dual active

bridge bi-directional DC-DC converter. The DC-DC converter acts as an interface

mechanism which modulates the power flow to achieve the required functionality.

The following list summarises the work done in each chapter and the main conclusions

from the conducted investigations and experimentation.

• Chapter 3 introduces an autonomous 12 V low power DC grid named the PeCo

grid. This grid has renewable generation but requires a storage solution. This

chapter proposes a grid voltage protocol and equivalent DC models for each

element. The model for the storage device is a variable DC voltage source

with a variable series resistor shown in Figure 3.3. A key conclusion from this

Chapter is that the interested dynamics for which the control action is required

is the steady state voltages on the grid.

• Chapter 4 evaluates the various models currently developed for the lead-acid

battery which is selected as the battery technology due to its maturity and

low cost when compared to other technologies. The simple models fail to

adequately capture the behaviour of the lead-acid battery which is non-linear

as demonstrated by the Thevenin model discussed in Section 4.1.2. Although

the battery is nonlinear, there is a linear relationship between the state of

charge and the open circuit voltage of the battery. However, this relationship

is only observed when the battery has been offline for a duration of time as

there is an internal RC behaviour once the battery is unloaded. Due to this RC

behaviour, the true open circuit voltage cannot be ascertained immediately.
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• The dual active bridge converter is discussed in Chapter 5 which interfaces

the lead-acid battery to the PeCo grid. Using a simple phase shift modulation

scheme the power flow can be modulated causing the smart battery to behave

as a variable voltage source and resistor. This chapter looks at the design of

the converter which is centred around the leakage inductance of the magnetic

circuit. Using the guidelines laid out, a dual active bridge converter is built

and tested. From the testing, it is observed that the ideal model discussed in

Section 5.1 is incomplete and a lossy model for the converter is required. The

current solutions for a lossy dual active bridge have a high degree of complexity

which makes it undesirable for implementation on a microcontroller due to the

computational burden. To overcome this, a loss estimator technique is derived

in Section 5.2 which can be applied if losses are bound relative to the leakage

impedance.

• As mentioned above the dual active bridge and lead-acid battery combination

is simply a variable voltage source and series resistor. This model allows

for control algorithms discussed in Chapter 6 to be developed. The control

algorithms are based on grid voltage and battery voltage inference systems.

This inference method allows the smart battery to be modular and scalable

without the use of a dedicated communication link to other devices on the grid.

The limitation of using this approach on a DC system is the dependency of the

control on the voltage drop between devices. The voltage drop is due to the

losses of the interconnecting transmission cables. Using these algorithms, the

smart battery can store energy when generation is in excess and support the

grid when the available generation cannot meet the load demand. The battery

also has fault protection and self-healing capabilities which are all achieved

using a plug and play philosophy. Including grid stabilisation, the battery also

performs battery management. From the developed algorithms it is deduced

that the smart battery is agnostic to the passive storage technology as the

management and stabilisation logic are not strongly linked.

• The algorithms discussed above are experimentally validated in Chapter 8.

These tests prove that the battery is able to meet the functionality set out

earlier. However, the regulation of the bus is not tight as the entire control

philosophy hinges on perturbations and observations. Even though the grid

is not tightly regulated about the 12 V point, the grid is able to settle to the

stable operating region. This is validated from the experimental work which

demonstrates that once the grid topology has stabilised, that is no devices are

plugged in or out of the grid, the smart battery connection point is a stable
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DC voltage with minimal oscillation. These tests also demonstrate the black

start capabilities of the smart battery.

8.1 Future Work and Outlook

Although a smart battery has been developed which meets the required functionality

there remain areas of this work which require future improvements. Due to there

being multiple components which make up the smart battery, each aspect is isolated

in the list below.

• As mentioned the lead-acid battery was selected due to its low price and

modularity. However, the designed control algorithms are agnostic to the

selected technology and only require the battery management to be altered.

It would be beneficial to use different technologies such as those discussed

in Section 2.3 as other storage mechanisms have longer lifespans and offer

additional advantages.

• The experimentally designed dual active bridge converter requires further

work with specific attention to the design of the magnetic component. The

losses in the magnetic component are the result of the experimental prototype

deviating from the lossless model. Alternative modulation schemes with lower

RMS currents should be evaluated as this would result in improved efficiency.

Interleaved dual active bridges can be used in place of a single device to

minimise the overall losses. Not only will this approach reduce losses but the

required output capacitance will be reduced as well.

• The control algorithms require more focus on the battery management al-

gorithms. This work implemented a basic strategy for the lead-acid battery

to be managed. Advanced battery management should be explored as these

carry additional benefits. The control algorithms can incorporate the SOC of

the battery to make it more responsive and increase the duration for which

the battery can sustain the grid. More focus is required to improve the current

sharing between devices. Level specific control naturally results in transient

behaviour. This can be addressed by the use of fuzzy boundaries which are not

discrete in nature.

• More tests needs to be conducted on a fully operational system to monitor

the SOC tracking and charge current variation due to the variation of solar



Chapter 8 — Conclusion 75

generation. Load variations such as off-the-shelf 12 V equipment should be

tested to replicate a more realistic load profile.
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Appendix A

Dual Active Bridge Magnetic

Component Design

A.1 Introduction

As demonstrated in the main body of this work the magnetic component is the critical

component of the Dual Active Bridge (DAB) bi-directional DC-DC converter. This

appendix will present the design methodology and finalised designs for the leakage

inductor and high-frequency transformer. Litz wire, foil-based and planar designs

were evaluated as possible construction techniques for the magnetic component. The

planar based design was selected due to the ease of construction and 99% coupling

of the HF transformer.

A.2 Leakage inductor design

The leakage inductor Ls [H] is the energy storage element of the DAB converter. The

required leakage inductance for a particular power transfer is given by equation (A.1)

discussed in Section 5.3 .

10Rs
2π fs

≤ Ls ≤
nV1 Vgr

8 fs Pmax
. (A.1)

where Rs [Ω] is the resistive losses on the coil, fs [Hz] is the switching frequency, n is

the turns ratio, V1 [V] is the input voltage, V2 [V] is the output voltage and Pmax [W]

is the power transferred.
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Due to the low energy storage capability of the ferrite material the leakage inductor

is gapped to add additional storage capability. The methodology for determining

the length of the required airgap begins by computing the amount of work done in a

single switching cycle. The energy in a single switching cycle is given as:

Wpp =
Pmax
fs

(A.2)

where Wpp [J] is the energy per a pulse. The work done by the core can be given as:

Wc =
1

2

B 2
m leAc
µ0µr

(A.3)

where Wc [J] is energy stored in the core, Bm [T] is maximum flux density of the core,

le [m] is the mean magnetic path length and Ac [m2] is the cross sectional area of the

core. The required energy that the airgap needs to store is expressed as:

Wag = Wpp −Wc =
1

2

B 2
m lag Ac
µ0

(A.4)

where Wag [J] is the energy stored in the air gap, lag [m] is the length of the air gap.

The required number of turns N to achieve the required inductance is given as per

equation (A.5)

N =
√
LsR

=

√
Ls(

le
Ac µ0 µr

+
lag
Ac µ0

)
(A.5)

Using the above methodology the parameters for the 1.8µH inductor discussed in

Section 5.3 is summarised in Table A.1. An image of the designed planar inductor is

shown in Figure A.1. These images show how multiple double layer stacks is used to

fill the window area and decrease the conduction losses.



Appendix A — Dual Active Bridge Magnetic Component Design 91

Table A.1: Specifications of the designed leakage inductor Ls

Description Value Description Value

Core ELP 32/6/20 Material N97

le 41.4 mm Ac 130 mm2

lag 0.4 mm N 3

RAC 10.8 m.Ω

(a) Top view of the built inductor.

(b) Side view of the built inductor

Figure A.1: Image of the constructed inductor

A.3 High frequency transformer design

This section will go through the process used to design the high-frequency transformer.

The transformer is designed using Faraday’s law as shown in equation (A.6)

Vp = Np
dφ

dt

Np =
BAc
dt

=
VpDTs
∆BAc

(A.6)

where Np is number of turns on the primary, Vp is the voltage on the primary side

of the transformer, D is the on ratio of the transformer, ∆B = 2Bm is maximum

change in flux density and Ts [s] is the switching period. The specifications for the

designed and constructed transformer used in the DAB is shown in Table A.2. A

photo of the designed transformer can be seen in Figure A.2.
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Table A.2: Specifications of the designed high-frequency transformer

Description Value Description Value

Core ELP 32/6/20 Material N97

Ac 130 mm2 Vp 12 V

Vs 12 V D 0.5

Np 2 Ns 2

Lp 9.91µH Ls 9.85µH

RAC1 21.5mΩ RAC2 21.2mΩ

Coupling Factor 99.2 %

Figure A.2: Photo of the built planar transformer.

A.4 Conclusion

The magnetic component was designed using a planar construction technique. The

advantage of this techniques is the good coupling between the primary and secondary

coils of the transformer. In addition to this, planar transformers are easier to

construct in comparison to Litz wire and foil-based windings.
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Appendix B

Spice Simulation

B.1 Introduction

A spice simulation was created to evaluate the Dual Active Bridge (DAB) converter.

The simulation tool allows for permutations of the magnetic component and effects of

parasitics to be evaluated. A snapshot of the simulation diagram is shown in Figure

B.1. This simulation assisted in the designing of the DC bus and prototype converter

discussed in Appendices C & E. The simulation was integral in understanding the

limitations of the converter and the establishing requirements for the DAB to interface

to the battery and PeCo grid.

B.2 Conclusion

The developed simulation tool captures parasitic aspects of the DAB, allows for

design requirements and recommendations to be established. In addition to the

establishment of design requirements, the simulation tool gives the capability to

evaluate design changes rapidly.
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Figure B.1: LT Spice simulation used to test and develop a DAB converter.
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Appendix C

Dual Active Bridge Prototype

C.1 Introduction

The prototype Dual Active Bridge (DAB) converter built in Figure C.2 is the third

and final revision of the built converter. This appendix contains the schematic

diagrams for the converter. The overview of the converter is shown in Figure C.2.

The sub-circuits are the H-Bridge circuit, the MCU circuit and power supply circuit.

The H-Bridge circuit consists of the high side driving shown in C.4, the protection

circuit in Figure C.5 and the isolated analogue measurement shown in Figure C.6.

The power supply circuit in Figure C.8 is responsible for supplying the integrated

chips on each H-Bridge with isolated supplies and reference voltages. The MCU

circuit in Figure C.8 is responsible for the driving scheme and control algorithm

implementation.

Figure C.1: Prototype DAB DC-DC converter.
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Figure C.2: Overview of the DAB converter



Appendix C — Dual Active Bridge Prototype 97

11

22

33

44

55

66

77

88

D
D

C
C

B
B

A
A

M
uh

am
m

ed
 A

sw
at

Re
an

 B
oo

ts
m

a
D

RA
U

G
H

TS
M

A
N

EN
G

IN
EE

R

SC
A

LE

SH
EE

T

RE
V

IS
IO

N
D

A
TE

20
17

/0
9/

20

N
.T

.S
TI

T
L

E

Br
id

ge
 O

ve
rv

ie
w

4

V0
.3

O
F

7
D

O
C

U
M

E
N

T
 N

U
M

B
E

R
50

8-
11

-0
0-

01

A
PP

RO
V

ED
 B

Y
EN

G
IN

EE
RI

N
G

 M
A

N
A

G
ER

DA
B.

Pc
bD

oc
PC

B 
FI

LE
N

A
M

E

Y
O

U
R

 F
U

TU
R

E 
IN

 E
LE

C
TR

O
N

IC
S

VD
D1

1

GN
D1

2

A1
3

A2
4

A3
5

A4
6

EN
1

7

GN
D1

8
GN

D2
9

EN
2

10

B4
11

B3
12

B2
13

B1
14

GN
D2

15

VD
D2

16
U

1

SI
86

42
AB

-B
-IS

1

BG
N

D

M
AG

GA
TE

HI
N

SDLI
N

VC
C_

12
V

BG
ND

VC
C_

3V
3

VB
US

U
_B

rid
ge

_L
eg

Br
id

ge
_L

eg
.S

ch
Do

c

M
AG

GA
TE

HI
N

SDLI
N

VC
C_

12
V

BG
ND

VC
C_

3V
3

VB
US

U
_B

rid
ge

_L
eg

Br
id

ge
_L

eg
.S

ch
Do

c

VC
C_

12
V

BG
ND

VC
C_

3V
3

VC
C_

3V
3

VC
C_

12
V

BG
N

D

VB
U

S

VB
US

VB
U

S BG
N

D

VC
C_

3V
3

VC
C_

12
V

VB
U

S
VC

C_
3V

3
VC

C_
12

V

M
AG

A

M
AG

B

SH
DW

N

SH
DW

N

SH
DW

N
SH

DW
N

VC
C_

3V
3

X7
R

06
03

16
VC2 10
0n

F

BG
N

D 06
03

R1 10
K

BG
N

D

X7
R

06
03

16
VC1 10
0n

F

VD
_3

V3

VD
_3

V3

DG
ND

DG
ND

VD
_3

V3

DG
ND

PW
M

A
PW

M
B

SD

BG
N

D

BG
ND

VC
C_

3V
3

M
AG

A

M
AG

B
GA

TE
B

GA
TE

A

SH
DW

N

U
_B

rid
ge

_S
hu

td
ow

n
Br

id
ge

_S
hu

td
ow

n.
Sc

hD
oc

BG
N

D

VC
C_

3V
3

VC
C_

12
V

BG
ND

VB
US

VD
_3

V3

DG
ND

Bu
sV

ol
ta

ge

U
_B

rid
ge

_F
ee

db
ac

k
Br

id
ge

_F
ee

db
ac

k.
Sc

hD
oc

VB
U

S
VC

C_
12

V

BG
N

D

VD
_3

V3

DG
ND

Bu
sV

ol
ta

ge
Al

u
50

VC3
4

10
0µ

F
D7 SM

LJ
14

A

VB
U

S

BG
N

D

PW
M

A_
IS

O
PW

M
B_

IS
O

DG
ND

BG
N

D

TP18
TP17

TP16
TP15

TP19

TP14
TP13

TP12
TP2

TP1

M
AG

A

M
AG

B

GA
TE

A
M

AG
A

GA
TE

B
M

AG
B

GA
TE

B

GA
TE

A

M
AG

A

M
AG

B

PW
M

A_
IS

O
PW

M
B_

IS
O

PW
M

A_
IS

O
PW

M
B_

IS
O

M
TG

12

M2
.5

M
TG

10

M2
.5

DG
ND

Fo
r M

ou
nt

in
g H

ea
ts

in
k

PIC101 PIC102 
CO
C1
 

PIC201 PIC202 
C
O
C
2
 

PIC3401 PIC3402 
C
O
C
3
4
 

PID70A PID70K 
CO
D7
 

PIMT
G100

1 

C
O
M
T
G
1
0
 

PIMT
G120

1 

C
O
M
T
G
1
2
 

PIR10
1 PIR102
 C
O
R
1
 

PITP101 COTP1 
PITP20

1 COTP2 PITP1201 COTP12 
PITP1301 COTP13 PITP140

1 COTP14 
PITP1501 COTP15 PITP1601 COTP16 

PITP1701 COTP17 
PITP1801 COTP18 

PITP1901 COTP19 
P
I
U
1
0
1
 

P
I
U
1
0
2
 

P
I
U
1
0
3
 

P
I
U
1
0
4
 

P
I
U
1
0
5
 

P
I
U
1
0
6
 

P
I
U
1
0
7
 

P
I
U
1
0
8
 

P
I
U
1
0
9
 

PI
U1
01
0 

P
I
U
1
0
1
1
 

P
I
U
1
0
1
2
 

PI
U1
01
3 

P
I
U
1
0
1
4
 

PI
U1
01
5 

PI
U1
01
6 

C
O
U
1
 

PIC202 

PIC3402 
PID70A 

PIR102
 

PITP1901 

P
I
U
1
0
9
 

PI
U1
01
5 

P
O
B
G
N
D
 

PIC102 

PITP101 

P
I
U
1
0
2
 

P
I
U
1
0
8
 

P
O
D
G
N
D
 

NL
GA

TE
A 

NL
GA

TE
B 

NL
MA
GA

 

P
O
M
A
G
A
 

NL
MA
GB

 

P
O
M
A
G
B
 

P
O
B
u
s
V
o
l
t
a
g
e
 

PIMT
G100

1 
PIMT

G120
1 

PIR10
1 

PITP1501 

P
I
U
1
0
1
1
 

PITP20
1 

P
I
U
1
0
3
 

P
O
P
W
M
B
 

PITP1201 

P
I
U
1
0
4
 

P
O
P
W
M
A
 

PITP1301 

P
I
U
1
0
5
 

P
O
S
D
 

PITP140
1 

P
I
U
1
0
6
 

PITP1801 

PI
U1
01
3 

NL
PW
MA
0I
SO
 

PITP1701 
P
I
U
1
0
1
4
 

NL
PW
MB
0I
SO
 

PITP1601 

P
I
U
1
0
1
2
 

NL
SH
DW
N 

PIC3401 
PID70K 

P
O
V
B
U
S
 

PIC201 

PI
U1
01
0 

PI
U1
01
6 

P
O
V
C
C
0
3
V
3
 

P
O
V
C
C
0
1
2
V
 

PIC101 

P
I
U
1
0
1
 

P
I
U
1
0
7
 

P
O
V
D
0
3
V
3
 

P
O
B
G
N
D
 

P
O
B
u
s
V
o
l
t
a
g
e
 

P
O
D
G
N
D
 

P
O
M
A
G
A
 

P
O
M
A
G
B
 

P
O
P
W
M
A
 

P
O
P
W
M
B
 

P
O
S
D
 

P
O
V
B
U
S
 

P
O
V
C
C
0
3
V
3
 

P
O
V
C
C
0
1
2
V
 

P
O
V
D
0
3
V
3
 

Figure C.3: Overview of the H-Bridge Driving circuit.
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Figure C.4: High side driver and DC bus capacitors for the half bridge circuit.
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Figure C.5: Bridge protection circuit for one half bridge.
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Figure C.6: Isolated analogue feed-back diagram.



Appendix C — Dual Active Bridge Prototype 101
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Figure C.7: MCU circuit diagram.
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Figure C.8: Power supply circuit diagram for supply integrated circuits.
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Appendix D

Thermography of the Dual Active

Bridge

D.1 Introduction

The prototype Dual Active Bridge (DAB) shown in Appendix C consists of an 8

layer board with a specific focus on using multiple layers for heat dissipation and

conduction loss reduction. Although this is advantageous and desired in a power

converter it makes isolating the source of losses difficult. To establish the source of

losses a thermal camera and video recorder set-up was used as shown in Figure D.1.

The experimental setup allows for the source of heat to be mapped as a function of

time before the board reaches a steady state temperature.

DAB

Thermal
Camera

Video
Camera

Figure D.1: Test set-up used to thermally map the DAB.
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Figure D.2: Thermal snapshot at the beginning of recording.

Figure D.3: Snapshot of thermal recording at 43 s.

The snapshot at the beginning of the recording is shown in Figure D.2. This

figure shows the temperature at beginning of the recording is uniform and at room

temperature. Figure D.3 shows that the transformer coils heat up before the core.

The heat from the coils is transferred to the core as the window area is completely

filled. The steady state temperature of the converter can be seen in Figure D.4. The

anomaly seen on the inductor which seems to have a cold spot is due to the matt

blue tape used to provide a uniform emissivity lifting as the glue on the tape is no

longer able to provide adhesion at this temperature.



Appendix D — Thermography of the Dual Active Bridge 105

Figure D.4: Steady state temperature of the DAB after 8 minutes.

D.2 Conclusion

The thermography used to determine the source of loss was successfully able to

establish the loss source on the DAB converter. The coils of the planar magnetic

components were identified as the lossy component on the board. This finding implies

that more work is required to reduce the AC resistance of the coils.
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Appendix E

Designing a Filter Network for High

Current DC-DC Converters on a Low

Voltage DC Grid (SAUPEC 2018

Paper)
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Abstract

A design methodology for a filter network of a DC-DC converter operating on a low

voltage DC grid is presented. The design methodology aims to offer a simplistic

method to design filters for these converters. The resulting filter network will reduce

the voltage bus pollution that arises due to high current switch mode converters and

allow for control strategies based on the bus voltage to be applied. The performance of

the designed filter network is validated using Spice simulations and experimentation.

E.1 Introduction

This document presents a filter network for high current DC-DC converters operating

on LVLP DC grids. The design of this network consists of a two stage design process.

The first stage estimates the bulk capacitance to keep the DC bus stable and the

second stage reduces the voltage transients that arise due to the parasitic elements

on the bus.

DC-DC converters form the core component in distributed DC power systems as

they are responsible for modulating power flow on the grid. The design of DC-DC

converters is fairly well developed but there is still a requirement to develop filter

networks for DC-DC converters operating on these grids. As the nominal bus voltage

decreases the sensitivity to voltage transients arising from switch mode converters

switching high currents at high frequencies increases. This increase in sensitivity due

to transient voltages makes filter networks extremely crucial to ensure a clean stable

DC bus. A filter network will be designed and tested experimentally on a 12 V LVLP

grid.



Appendix E — Designing a Filter Network for High Current DC-DC Converters on
a Low Voltage DC Grid (SAUPEC 2018 Paper) 108

E.2 Background

Isolated Low Voltage Low Power (LVLP) distributed DC grids using renewable energy

is a viable solution for environmentally friendly rural electrification[1–5]. A diagram

of a LVLP distributed DC grid shown in Figure E.1 is made up of three types of

functional units: a source unit, a storage unit and a load unit. A source unit consists

of an electricity generation element such as a Photo-Voltaic (PV) panel or wind

turbine which is cascaded with a unidirectional DC-DC converter. Source units use

unidirectional converters as they only supply energy. Storage units in contrast are

made up of batteries cascaded with bidirectional DC-DC converters. These units are

required to use bidirectional converters as they supply energy when there is a deficit

and absorb energy when there is a surplus.

The distributed system in Figure E.1 has no intercommunication between the various

building units and relies on the grid voltage upon which control decisions are made

[4, 7, 8, 30]. A grid where the bus voltage has a large ripple or high frequency noise

may cause the control strategy for these distributed grids to break down.

The most simplistic filter network for switch mode converters are input and output

capacitors. Reference [9–11] provides filter capacitor guidelines dependant on the

allowable ripple voltage and capacitor hold time. The effects on ripple voltage by

ESR is highlighted in [10, 11] and must be considered when designing these filters.

An LC filter can be added to provide better performance in comparison to the basic

capacitor but comes at the added disadvantage of having a higher steady state ripple

[12].

Various converter topologies such as the flyback, buck boost, Daul Active Bridge

(DAB) are used on distributed power system [4, 13, 14]. The DAB provides a high

power rating as well bi-directional capabilities in comparison to other switch-mode

converter topologies [67]. A simplistic version of a DAB is shown in Figure E.3 and

consists of two magnetically coupled H-Bridges. As this topology provides a high

power rating and bi-directional capabilities it is the selected topology which will be

used to validated the design methodology. This paper will not focus on the design or

control aspects required to make the DAB operate on a LVLP DC grid but only the

filter network that needs to be realised for the converter to operate in steady state

condition at constant power transfer.

A key limitation when designing a high current DC-DC converter is the parasitic

elements of the DC bus [16]. These elements lead to voltage transients and high
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Figure E.1: Block diagram representation showing the key components on the LVLP

Picogrid where i1 & i2 are the DC-DC converter current flow directions.

Source/
Storage

Filter
Network

DC-DC
Converter

Filter
Network

LVLP
Grid

Figure E.2: Core components for an arbitrary DC-DC converter where the filter

network is a low-pass filter.

frequency noise specifically due to parasitic inductances. This limits the power rating

of a single DC-DC converter on an LVLP DC grid without the use of additional

harmonic suppression techniques. Passive methods such as high order power filters

can be used to mitigate this. An alternative to the classical passive methods is active

harmonic suppression presented in [17]. Active methods can reduce the order of the

overall filtering network hence reducing the number of passive components however

they require complex control strategies.

VSource
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S3
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Ls

VA

+

−
VB
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VGrid
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S5

S7
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Figure E.3: Basic circuit elements for a DAB.
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CB RL

+

−

VG

i1

DC−DC
Converter

Figure E.4: Simplified RC model used to size the bulk capacitor where VG is the

nominal grid voltage and i1 is the maximum current the converter can source.

E.3 Bulk capacitance

The design process begins by estimating the required capacitance to control the ripple

voltage on the bus. A simplified RC model shown in Figure E.4 is used to establish

the capacitance value. The bulk capacitor is responsible for ensuring the bus voltage

does not drop below the ripple factor defined in (E.2) within one switching cycle.

The RC time constant (τ) can be related to the switching frequency by (E.1).

τ = RLCB =
1

fs
(E.1)

where RL [Ω] is the load resistance, CB [F] is the bulk capacitor and fs [Hz] is the

switching frequency. The bus degradation due to insufficient capacitance can be

modelled using a ripple factor (RF ) given by:

RF =
VP−P
VAve

= e−fsRL CB (E.2)

where VP−P is the peak to peak voltage on the the DC bus and VAve is the DC value

of the bus. Figure E.5 shows the relationship between the estimated RF using (E.2)

and the simulated ripple factor of a DAB. After 5τ little advantage is obtained when

trying to reduce the ripple factor. Using the power rating of the converter Psys [W]

and grid voltage VG [V] the required bulk capacitor can be established using (E.3).

CB >
5Psys
V 2
G fs

(E.3)
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Figure E.5: Expected and simulated ripple voltage of the DAB shown in Figure E.3

using simplified RC approach to estimate required bulk capacitance under constant

power draw while increasing the output capacitance at a constant 50 kHz switching

frequency with grid parameters as per Table E.1.

E.4 Transient Voltage Suppression

Voltage spikes shown in Figure E.6 occur due to the cyclic commutation of current

from charging to discharging of the bulk capacitor. In order to understand the

cause of these spikes it is necessary to consider the non ideal capacitor due to the

parasitic elements. The non ideal model shown in Figure E.7 captures the behaviour

of a capacitor due to parasitic inductances and resistance. The non ideal model

shows that any high current commutation on the capacitor current path will lead to

voltage spikes due the parasitic inductances. These voltage spikes pose significant

problems on DC-DC converters used in distributed DC grids as the voltage bus

becomes polluted. This also increases switching losses which places additional strain

on the components reducing its lifespan.

To suppress these voltages it is necessary to apply additional capacitors in parallel

with the bulk capacitance. These capacitors are required to have both a low ESL

and low ESR. This can be achieved using ceramic capacitors. The recommendation

is that 3 values of the high speed capacitors are selected each one order magnitude

less than the other to ensure that both the ESR and ESL of the the equivalent

capacitance is reduced to form a more ideal capacitor. The ESL and ESR reduction

only occurs if LB > L1 & RB > R1 and LN−1 > LN & RN−1 > RN . The selection

of these capacitors is summarised in (E.4).
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(b) Bus voltage when using sizing capacitors

in Table E.2

Figure E.6: Measured bus voltage when drawing 30 W from the DAB converter using

a resistor
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Figure E.7: Method for idealising a non-ideal capacitor using capacitor paralleling to

form a bank (C
′
B).
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C1 =
CB
10

C2 =
C1

10

C3 =
C2

10

(E.4)

In addition to selecting low ESL and low ESR capacitors an RC snubber is inserted

on the bank to damp high frequencies. The required capacitor is expressed using

(E.5). This ensures that the impedance of the capacitor is −1j Ω at the switching

frequency which offers a very low impedance path to ground for harmonics much

greater than fs. The selected impedance of −1j Ω is selected to ensure that the

required capacitance can be realised using ceramic capaitors due to their low ESL.

In addition to the capacitor the Rs is set to 0.1 Ω for damping. The high frequency

damping effect of the RC snubber is shown in Figure E.8.

Cs =
1

2πfs
(E.5)

E.5 Pi Filter

A low pass LC filter is added after the bulk capacitor to form a pi network as shown

in Figure E.9 . The cut-off frequency ( fc [Hz] ) of the LC network is given by:

fc =
1

2π
√
LF CB

(E.6)

The capacitors (CB) are identical which forms a symmetrical pi network. This

symmetry is advantageous in bidirectional converters where power flows both into

and out of the device. The effects due to the current commutation occur at frequencies

greater than the switching frequency. The cut off frequency of the LC low pass

filter is required to be less than the switching frequency and is recommended that

it is approximately ten times smaller than the switching frequency. A lower cut

off frequency will result in a much cleaner bus voltage but the trade off is that a

much larger inductor is required as LF increases quadratically as fc decreases. An

increased inductor size will increase both cost and size of the converter as well as a

slower response time with high ripple.
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(b) Capacitor bank with the snubber.

Figure E.8: Simulated effects of the addition of the snubber showing the damping of

the higher order frequencies on the bus
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Figure E.9: Addition of LC filter to form a pi network.
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Figure E.10: Layout of the PCB where l1, l2, l3, l4 are the PCB track lengths between

component terminals.

E.6 PCB Layout Considerations

Using the proposed sizing methods and transient suppression techniques careful

consideration needs to be paid to the board layout as high inductance on the low

ESL capacitor current path negates the suppression techniques discussed in Section

E.4 The distances (l1 − l4 in Figure E.10) between the pads of the capacitor and

the input/output of converter needs to be as short as possible to ensure minimal

additional inductance on the suppression capacitors. It is recommended that C3 be

placed as close to the input/output as possible followed by C2 and then by C1 as

shown in Figure E.10 .

E.7 Filter Performance

In order to evaluate the performance of the filtering network the distributed LVLP

DC Grid is modelled using Figure E.11 . A led acid battery is used to set the grid

voltage to 12 V . Interconnecting the battery to the converter is a transmission line.

Table E.1 specifies the grid and converter specification upon which the performance

is tested. The values of the capacitor bank and inductor to deliver 90 W of power

is presented in Table E.2. The bulk capacitor required for 90 W on a 12 V grid is

62.5µF. A 66µF capacitor is used instead as this can be achieved using three 22µF

capacitors. The bus voltage when transferring the rated power shown in Figure E.12

and shows as a relatively clean bus which ensures that the converter is LVLP DC

compatible.
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Table E.1: Grid Parameters

Parameter Value Parameter Value

Converter Power 90 W fs 50 kHZ

VG 12 V RBat 5.46mΩ

RL 0.06 Ω LL 2.56µH

CL 0.04nF GL ∞
VS 12.8 V

Table E.2: Properties of the capacitor bank and LC filter

Parameter Value Parameter Value

CB 66µF C1 6µF

C2 660nF C3 66nF

CS 3µF RS 0.1 Ω

fc 5 kHz LF 15µH

−
+VS

Filter
Network

DAB
Converter

Filter
Network

GL CL

LL RL RBat

VG

LVLP GridTransmission LineDC-DC Converter

Figure E.11: Practical model for LVLP DC Grid.

0 10 20 30 40
0

5

10

15

20

25

Time(µs)

B
us

Vo
lta

ge
(V

)

Figure E.12: Measured bus voltage using the recommended filter network at a power

transfer of 89 W.
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E.8 Conclusion

A design methodology was presented for designing the filter network for DC-DC

converters that operate on an LVLP DC grid. The converter was able to successfully

transfer 89 W of power to a 12 V LVLP grid setup using a led acid battery. The

proposed methodology allows for high current DC-DC converters to operate on LVLP

Grids using the filtering networks to suppress high frequency voltage transients that

arise from high current DC-DC converters. This methodology ensured that the bulk

capacitor is not oversized which reduces costing. Using the filter network presented

it was shown that a stable DC voltage can be obtained from these devices under

high current transfer.
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Appendix F

Implementation of Control Algorithm

This Appendix was intended to contain the source code for the smart battery.

However, due to the sensitive nature and pending patents, it cannot be published in

this work. Should viewing of the source code be required please contact the author

of the document.
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Appendix G

PeCo Grid Test Bed

G.1 Introduction

This appendix presents the test bed on which the smart battery is tested. A

diagrammatic representation of the testbed is shown in Figure G.1. The testbed has

solar, storage and load blocks which contain the passive elements that are interfaced

to the common bus at the centre of the bed. A general generation block utilises DC

power supplies to provide constant generation. A photo of the constructed PeCo grid

is shown in Figure G.2.

Constant
Generation

Smart
Storage

Loads

Smart
Solar

PeCo Grid DC Bus

Lead-Acid Batteries

Solar Panels DC Power Supplies

Figure G.1: Diagrammatic representation of the test bed.
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Figure G.2: Image of the constructed PeCo grid.

Figure G.3: Centre bus of the PeCo grid.

G.2 Centre bus and scalability

The centre bus structure is segmented using the boxes shown in Figure G.3. Smart

devices plug into the common bus via the 4 mm safety sockets on each segment. The

segmented bus carries advantages such as allowing different transmission lines and

bus structures to be tested. The transmission cables which were used to test the

smart battery in Section 7 has a DC resistance of 1.6 Ω.m−1.
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Figure G.4: Smart battery devices on the PeCo grid.

G.3 Devices on PeCo gird

The smart battery section of the PeCo grid testbed is shown in Figure G.4. The

smart battery is formed by connecting a 100 Ah sealed lead-acid battery to the DAB

converter. Using this combination the various devices can be powered from the smart

battery. The smart battery can power devices such as those in Figure G.5. Figure

G.5 shows loads that provide basic lighting, cellphone charging and television. In

addition to these devices a 300 W load can also be powered off the smart batteries.

Energy is generated by the smart solar device which is made up of a 30 W solar panel

connected to a flyback converter.

G.4 Digital Load

A digital load is created by using the circuit shown in Figure G.6. The input

impedance RL can be varied by manipulating the input voltage Vin as given by

equation (G.1). The amplifier circuit keeps the voltage across the fixed resistor RA

equal to the modulation voltage Vin. Due to this behaviour, a constant current load

can be obtained as well by keeping the modulation voltage constant. The input

voltage Vin is set using a microcontroller with a DAC converter which forms a digital



Appendix G — PeCo Grid Test Bed 124

Figure G.5: Loads on the PeCo grid: 300 W resistive load, computer monitor utilising

a 12 V off the shelf inverter, cellphone charger and three lights.

−

+Vin

RA

V0

+

−

Digital Load

RL

Figure G.6: Circuit diagram for the digital load.

load.

RL =
VO RA
Vin

(G.1)

G.5 Conclusion

A test bed is created to test the smart battery. The given test bed allows for multiple

permutations of the PeCo grid to be tested in a repeatable controllable manner. The

grid permutation can be configured by simply plugging in devices to the centre bus.
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Appendix H

Battery Testing

H.1 Introduction

This appendix describes the experiments carried out to observe the lead-acid batteries

behaviour under loading. Two experiments were carried out to establish the behaviour.

The first experiment monitors the batteries behaviour when loaded and the second

experiment aims to find the relationship between the open circuit voltage and state

of charge.

H.2 Battery Loading

The test setup shown in Figure H.1 uses the constant current load discussed in

Appendix G to discharge the battery. The battery is discharged for three hours

constantly at a rate of the 1 A. After loading the battery the switch SL is opened and

the battery is disconnected from the load. The terminal voltage behaviour during

+

−
VB(t)

IB(t)

SL

Constant Current
Load

Figure H.1: Test set-up used to test the lead acid battery.
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Figure H.2: Lead Acid battery discharge characteristic obtained discharging a 7 Ah

RITAR RT1270 at a constant current of 1 A.

the experiment can be seen in Figure H.2 which shows the non-linear behaviour of

the battery. This test shows that the battery steady state open circuit voltage is not

immediately reached after disconnecting the load. The behaviour observed at 20 min

and 75 min is due to the controller action of the constant current load discussed in

Appendix G.

H.3 Open Circuit voltage and SOC relationship

In this experiment, the battery is discharged using a constant current load of 1A

periodically. The battery is connected to the load for an hour disconnected for two

hours until the open circuit voltage stabilises. This process is continued until the

battery is discharged to 80% DOD. The results from this test are shown in Figure

H.3 which show the linear relationship between the SOC and stabilised open circuit

voltage of the battery.

H.4 Conclusion

The lead-acid battery is a non-linear device however, the relationship between the

SOC and open circuit voltage exhibits a linear behaviour. The SOC cannot be
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Figure H.3: Battery terminal voltage of RITAR RT1270 under constant current

discharge of 1 A.

established immediately when the battery is taken offline and requires a stabilisation

period.
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