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General introduction

Context

In the 19th century, petrol or gasoline powered automobiles have gradually replaced steam powe-
red automobiles which have occupied the history for a century. Petrol or gasoline powered internal
combustion engine (ICE), being a dominant means of propulsion nowadays, has improved the
speed of vehicles dozens or even hundreds of times. Actually, it is not only the vehicle speed that
increases, but also the consumption of fossil fuels and exhaust emissions. While we enjoy the
convenience brought by automobiles, we are also withstanding the exhaust pollution. In the 20th
century, with the increase of the awareness of the protection of non-renewable energy and the air
condition, electrical powered automobiles appeared and began to occupy the market today in the
21st century. Hybrid electric vehicles (HEV), being an optimal candidate, significantly reduce the
toxic and harmful gas emissions without sacrificing the travelling velocity. It is still fresh in our
memory the smog cloud hanging over Paris this March. Even the landmark Eiffel Tower almost
disappeared in the smog. The government has taken measures including alternating driving ban
to limit the pollution, while HEV is an exception and is not included in the ban. The advantage
of HEV is thus evident. In fact, the policy and financial dual support from the government has
essentially promoted and advanced the research and the market of HEV.

During all these years in the study of HEV, we have been committed to create a comfortable
driving environment with less noise and smoother running. This is achieved via the suppression
of the torque ripples generated by the ICE. Instead of utilizing the traditional passive control
method with a flywheel, Mohamed NJEH [Njell] has contributed an active control method to
control the torque of the electric machine, a permanent magnet synchronous machine (PMSM),
to compensate the ICE torque ripples. The essence of the study is based on the harmonic de-
composition. The ripple disturbance is decomposed into different harmonics and then treated in
parallel. The torque ripple compensation controller is thus a parallel connection of a series of
subcontrollers, with each subcontroller dealing with one main harmonic. The active controller is
for the AC-DC converter connecting to the DC bus. Consequently, the torque ripples compen-
sation process results in a transfer of ripple disturbance in the DC bus. This disturbance also
needs to be properly dealt with. It is under this circumstance that our study is carried out.
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Problem statement

The DC bus voltage is supplied by a battery connecting with a DC-DC converter. The problem
left for us is then to deal with the disturbance in the DC bus introduced in the process of torque
ripple compensation. The direct damage caused by the disturbance is battery wear. Exposing to
such persistent oscillations, batteries, with the property of high energy density but low power
density, cannot afford such substantial and frequent power variation cycles, and thus wear down
very quickly. Consequently, it is quite necessary to find a solution to reject the disturbance in
the DC bus.

Actually, talking about batteries, it is easy to think of ultracapacitors being widely used as a
complementary power source in a hybrid battery/ultracapacitor energy storage system. Hybrid
energy storage system has been commonly studied in electric vehicles and other applications
including renewable energy power generation. In most studies, the application of ultracapacitors
in vehicular system is mainly to deal with the transient disturbance, another fact causing battery
wear, introduced by the load power demand sudden change during acceleration and deceleration.
In contrast with batteries, ultracapacitors, with higher power density, is apt to provide a large
amount of energy in a short period and experience frequent and rapid charge discharge cycles.
Therefore, battery /ultracapacitor hybrid structure provides a perfect solution to reduce the bat-
tery wear if we could force the ultracapacitor to absorb both the transient disturbance and the
persistent disturbance. In order to achieve this, it is necessary to design a high-performance
control algorithm, and this is the core of our study.

Objectives

Our research object is then a battery /ultracapacitor hybrid energy storage system connecting to
the DC bus where there are exogenous transient and persistent disturbances. Our objective is
to reject the disturbances in the battery and absorb them in the ultracapacitor. Other accessory
control objectives include maintaining a constant DC voltage and compensating the self-discharge
of the ultracapacitor to maintain at the nominal state of charge.

From energy management point of view, it requires properly managing the energy allocation in
the battery /ultracapacitor system so as to achieve the control objective. Specifically, the task of
delivering steady energy in the DC bus is assigned to the battery, while the task of disturbance
energy absorption is allocated to the ultracapacitor. From oscillating disturbance rejection point
of view, it requires an active controller to turn the ultracapcitor into an active damping.

The battery and the ultracapacitor are connected with a DC-DC converter respectively. For this
DC-DC power electrical system, the average model of the whole system is a four-dimensional
nonlinear system and is not easy to be linearized, and thus it is not feasible to directly apply
classical linear theories. Facing this difficulty, we have explored various nonlinear control theories,
from sliding mode control to passivity-based control of Euler-Lagrange systems, and to nonlinear
error output regulation, and to the interconnection and damping assignment of Hamiltonian
systems. After suffering numerous frustrations, we finally understand deeply the principle of the
hybrid energy system and contribute a disturbance rejection control algorithm. The process is
progressive, and this is exactly how we organize this dissertation.
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Organization of the dissertation

The dissertation is divided into four chapters.

The first chapter presents a state of the art of hybrid energy storage system. In this chapter,
we first review the working principles and characteristics of the widely used DC power source
and storage devices : fuel cells, batteries and ultracapacitors. Moreover, we summarize different
configurations of hybrid storage system and different topologies of DC power converters applied
in hybrid storage systems. Furthermore, we present a series of control methods aiming to achieve
a proper energy management in hybrid storage systems.

The second chapter elaborates the origin of the sinusoidal persistent disturbance causing battery
wear and explores the output regulation theories of linear and nonlinear system. The related
theory is then applied to our system. To achieve this, we simplify the problem by considering
the battery side converter and the ultracapacitor side converter separately, and apply the out-
put regulation controller to the ultracapacitor side converter, while a passivity-based controller
to the battery side converter. Simulation results have shown the effectiveness of the control al-
gorithm. However, separating the battery and the ultracapacitor means that the interactions
between them are also ignored. Moreover, the ultracapacitor model used in this chapter is also
simplified as an ideal model without considering its self-discharge phenomenon. Consequently,
lack of comprehensive consideration, experiments in real-time are not implemented with this
control algorithm.

The third chapter presents our contributed disturbance rejection control algorithm. In this chap-
ter, the battery/ultracapacitor hybrid energy storage system is considered as a whole, and the
ultracapacitor self-discharge phenomenon is taken into consideration by integrating a resistive
loss in the system model. The whole system is therefore a four-dimensional nonlinear Hamilto-
nian system. However, original method to design the controller of nonlinear Hamiltonian system
is not amenable to our system due to the complexities and difficulties of solving partial diffe-
rential equations. Consequently, we exploit an alternative way. In order to achieve the objective
of disturbance absorption in the ultracapacitor, we define a static solution and a dynamic so-
lution. The static solution is the desired equilibrium point of the system when the disturbance
doesn’t exist, while the dynamic solution is the desired dynamic trajectories of the states when
the ultracapacitor absorbs the disturbance. Thus, based on the singular perturbation theory, the
system can be considered in two time-scales, a slow one and a fast one, and controlled through
a cascade structure. The control objective can then be achieved by driving the system to the
desired equilibrium point through the outer slow loop and imposing the desired dynamic through
the inner fast loop. Besides, the outer slow loop controller is designed via interconnection and
damping assignment, while the inner fast loop is regulated via a simple proportional integral
controller. Simulation results are given and show the effectiveness of the cascade control method.

In the fourth chapter, experiments are carried out to further verify the effectiveness of the dis-
turbance rejection control algorithm designed in the third chapter. The communication between
the analogue signals of the experimental devices and the digital signals of the control terminal
is based on dASPACE hardware and software. A Lithium-Ion battery and an ultracapacitor are
connected to the DC bus via a boost converter and a bi-directional DC-DC converter respectively.
The disturbances causing battery wear are emulated via an exosystem consisting of a resistive
load and an AC power source. Real-time system responses under sinusoidal persistent distur-
bance, transient disturbance and the combination of both are presented respectively. Under each
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kind of disturbance, a contrast of system responses with and without the designed disturbance
rejection algorithm is given and verifies the effectiveness of the controller.
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6 The state of the art of hybrid energy storage system for vehicular application

1.1 Introduction

In today’s society, people have gradually realized the importance of environment protection and
sustainable development. The combustion of fossil fuels can no longer satisfy the energy demand
due to its pollution to the environment and ecology. As alternative energy sources, renewable
energy such as wind energy, solar energy and wave’s energy etc. are growing rapidly. Moreover,
as opposed to traditional energy production that relies on petroleum and natural gas, electroche-
mical energy production is more environmentally friendly and more sustainable. Electrochemical
energy storage and conversion devices include fuel cells, batteries, and electrochemical capaci-
tors. Reducing the consummation of fossil-fuel is an issue requiring the cooperation of not only
scientists, but also ecologists, economists and politicians.

In the configuration of vehicles, an energy storage device is necessary. Generally, rechargeable
batteries are utilized in vehicles to supply the current to start up and store redundant energy. Fuel
cells are widely applied to pure electric vehicles due to its high energy density. Ultracapacitors,
or supercapacitors are recently studied as an auxiliary power to capture the instantaneous peak
powers. In the configuration of hybrid DC power sources, fuel cells and batteries are often used
as primary power source whereas ultracapacitors often serve as auxiliary power source. They are
connected in series or in parallel to the DC bus via power converters and supply power to the
load (electric motors). Regulation of the DC bus voltage and the energy distribution management
becomes a main research issue.

In this chapter, we will first present the working principle and characteristics of different DC
power sources : fuel cells, batteries and ultercapacitors. Moreover, we will show some hybrid
energy storage system configurations and various DC converter topologies applied in electric
vehicles and hybrid vehicles. Finally, we will summarize a series of control technologies aiming to
manage the energy distribution for hybrid energy storage systems in order to reduce the stress
to the energy storage systems and thus extend their serve cycle. A various control theories to
control DC-DC power converters will also be presented.

1.2 Energy storage systems

DC power sources including fuel cells, batteries, and supercapacitors are all electrochemical
energy storage and conversion devices. The common features of them is that they all consist of
two electrodes and electrolyte solution, and the energy generation happens at the interface of
the electrodes and the electrolyte where the electrons and the ions separate and transport in the
opposite direction [WB04]. The basic operation mechanism of each system will be presented in
the following sections.

In automotive application, fuel cells or batteries generally serve as permanent source providing
the required permanent energy to guarantee the system autonomy. Whereas, due to their chemical
structures, they cannot totally satisfy the load demand, and thus supercapacitors are introduced
to compensate the lacking power at transients and absorb excess power in braking process.



1.2 Energy storage systems 7

load

—_— é hydrogen ions (?

o A
é .

R i g B

anode electrolyte  cathode

FIGURE 1.1 — Schematic of structure and operation mechanism of fuel cells.

1.2.1 Fuel cells

Fuel cells, as a clean and high-efficiency energy source, are mainly used in electric vehicles, and
they are intended to replace traditional combustion engines in automotive field. In fact, these
two have a similar operating mechanism, that is they both need external fuels supply. Similar
with internal combustion engines, fuel cells supply energy as long as the fuels are supplied. The
difference is that the fuels refilled in the tank of fuel cells are hydrogen and oxygen (or air)
and that the exhaust is water. Whereas, internal combustion engines consume a large amount of
non-renewable energy and generate greenhouse gases and harmful gases.

1.2.1.1 Working principle and characteristics

The hydrogen and hydrocarbon fuels used in fuel cells contain a large amount of energy. This
energy is significantly higher than that found in common battery materials [WB04|. Through
chemical reaction of hydrogen and oxygen, fuel cells convert the energy into electrical energy.
Methanol and natural gas may be used instead of hydrogen gas. In this case, a fuel reformer
is necessary to convert the hydrocarbon fuel into hydrogen-rich gas. In this process, quite a
little carbon dioxide and nitrogen oxides are generated. In general, this type of chemical reaction
produces only water in addition to electricity. Electrical vehicles with fuel cells as propulsion are
therefore considered to be the most environmentally friendly vehicles and called “green vehicles".

Figure 1.1 shows a schematic of the structure and operation mechanism of fuel cells. It can be
seen from the figure that fuel cells consist of an anode, where hydrogen is oxidized, a cathode,
where oxygen is reduced by absorption of the electrons to the anions which react directly with
the hydrogen ions to form water, and an electrolyte, where ions movement take places between
the two electrodes. The fuels (hydrogen and oxygen) are supplied continuously from an external
source, instead of containing within the fuel cell compartment. This feature allows fuels cells to
serve longer time than other electrochemical cells as long as the fuels are sufficient, and avoids
the charge-discharge cycles.

The principle of chemical reaction is 2Ho + Oy — 2H50. Fuels refilled in the tank of fuel cells are
hydrogen and oxygen (or air). Other fuels like hydrocarbons need to be converted to hydrogen
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via a reform device. The chemical reactions between the fuels (hydrogen and oxygen) release the
energy in the forms of electrical energy and heat.

The earliest fuel cell can be traced back to 1838. German physicist Christian Friedrich Schénbein
invented the first fuel cell by inserting two platinum wires in hydrogen and oxygen into hydro-
chloric acid. Nowadays, in almost 200 years’ study, scientists have developed many different
structures of fuel cells. According to different types of electrolyte and different operation tempe-
rature, fuel cells are classified into the following types : Polymer Electrolyte Membrane Fuel Cell
(PEMFC), Alkaline Fuel Cell (AFC), Direct Methanol Fuel Cell (DMFC), Solid Oxide Fuel Cell
(SOFC), Molten Carbonate Fuel Cell (MCFC), and Phosphoric Acid Fuel Cell (PAFC) [Nfc|.
Among them, the lightweight and compact PEMFC (also called Proton Exchange Membrane
Fuel Cell) is the most widely used for automotive applications. A fuel cell stack in automotive
application is integrated with several individual fuel cells in order to deliver powerful enough
propulsion of vehicles.

1.2.1.2 Advantage and disadvantages

As opposed to internal combustion engines (ICE), other than lower emissions and clean power
generation, fuel cells are more efficient in energy conversion. For example, the energy efficiency
of traditional internal combustion engine is only about 25%, while PEMFC may reach energy
efficiency up to 60%. This efficiency may be increased up to 85-90% if the produced heat can
be captured and properly reused [SVPT91|. Moreover, fuel cells can supply continuous energy as
long as the reactants are available. Hence, it may serve as energy generator and supply constantly
the steady energy to vehicles.

Nowadays, fuel cell power generation systems have become a primary choice for electric vehicles
to supply power to electrical machines. Many major manufacturers have invested in the studies
of fuel cell vehicles. January 2011, Mercedes-Benz Class B F-CELL fuel cell vehicles, have com-
pleted global journey in 125 days; General Motors Chevrolet Equinox 100 fuel cell vehicles have
completed 1.4 million miles in 2010 ; Daimler Motor Company has already announced their pro-
ject of industrialization of fuel cell cars in 2014 ; Other manufacturers like Toyota, Honda, GM,
Mercedes-Benz, Audi, Hyundai etc. have also shown their cutting-edge technology and ambitions
in fuel cell vehicles [FCv].

In spite of the aforementioned advantages and despite the advanced technologies, there are still
some barriers in using fuel cells. Firstly, the fuel cell research in automotive application is still
in the initial stage and is not as well developed as internal combustion engines, which leads to a
relatively high cost of fuel cell power system. Secondly, due to its electrochemical characteristics,
it is unable to allow bidirection current flow. Current flowing into fuel cells may cause severe
damage, and therefore it is unable to capture braking energy during vehicle decelerations. Thirdly,
fuel cells have relatively high internal resistance and show slow dynamic response. This results
in difficulties during cold start-up. Besides, rapid load power demand during vehicle acceleration
may cause fuel starvation phenomenon (drying of the FC membrane) and thus reduce its lifetime.

Consequently, it requires a special design while using fuel cells. Generally, a diode is utilized to
avoid the current flowing into the fuel cell. Furthermore, in order to solve the foregoing problems, a
hybridization of fuel cells with batteries and/or supercapacitors is often applied. Batteries and/or
supercapacitors, working as auxiliary devices, are able to realize braking recovery and supply
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power during accelerations. Thus, the hybrid power configuration compensates the inadequacies
of fuel cells and reduces the overall size and cost as well.

1.2.2 Batteries

There are mainly three classes of batteries : non-rechargeable (primary) batteries, rechargeable
(secondary) batteries and specialty batteries [WB04]. As the names suggest, non-rechargeable
batteries cannot be recharged and are therefore discarded once they are fully discharged. Rechar-
geable batteries may recover their original state of charge after discharged, and therefore widely
applied in portable electronic devices, such as laptops, mobile phones, cameras, etc. Specialty
batteries are not commonly used in daily life. They are specially designed to fulfill some purposes
in military or medical applications.

An automotive battery is necessary in traditional vehicles to supply electrical power to the starter
motor, the lights, and the ignition system (SLI battery) of a vehicle’s engine. Lead-acid type is
the most frequently used SLI battery, and provide a relatively low voltage around 12V. For
heavy vehicles, such as tractors or highway trucks equipped with diesel engines, the SLI battery
applied is about 24V. In electric vehicles or hybrid vehicles, batteries serving as a power source
of electrical machine are referred to as traction batteries. In parallel hybrid electric vehicles, the
electric motor shares the load demand with the engine. According different operating modes,
the percentage shared by the electric motor could vary from 0 to 100%. This requires traction
batteries to have a relatively high energy storage capacity, so as to perfectly satisfy the load
demand.

1.2.2.1 Working principle and characteristics

Batteries convert the self-contained chemical energy into electrical energy on demand. A sche-
matic of the structure and operation mechanism of batteries is depicted in Figure 1.2. As shown
in the figure, the basic elements of batteries are : an anode (positive electrode), a cathode (nega-
tive electrode), and an electrolyte. The cathode is often made of materials easily loose electrons
such as zinc or lithium. While the anode is often made of the ones easily accept electrons such
as manganese dioxide or lithium cobalt oxide. The electrolyte provides an environment where
the ions transport takes place [WB04]. In the figure, the ions movement between the separated
electrolyte is achieved with the help of the bridge.

In 1780, the Italian physician Luigi Galvani noticed that a frog leg, which came into contact with
copper and iron, repeatedly shrugged and thought it was an electrical effect. The first working
galvanic element and thus the first battery was presented in the form of the voltaic pile in 1800
by Alessandro Volta. A voltaic cell is an electrochemical energy storage means and an energy
converter. During discharge, the stored chemical energy is converted into electric energy via
electrochemical redox reaction.

Rechargeable batteries can be classified into the following types : lead-acid battery, nickel-
cadmium battery, nickel-metal hydride (Ni-MH) battery and lithium-ion (Li-ion) battery. Among
them, lead-acid batteries have a relatively high energy storage capacity and low cost, thus occupy
a dominant position in the rechargeable market. Nickel-cadmium batteries are relatively old, and
have relatively small capacity. They have a memory effect that need to fully discharge before
recharging, which makes them inconvenient to users. That is why they are quickly replaced by
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Ni-MH batteries. Ni-MH batteries are a new generation of rechargeable batteries. They have
very high energy storage capacities, light weight, and almost no memory effects. They have been
applied in hybrid electric vehicles. Li-ion batteries have very good application prospects. They
have a high voltage, high capacity, and no memory effect. The self-discharge is only 0.5% - 2%
per month, while Ni-MH is around 25%. Li-ion batteries have been used in portable electronic
devices. As the production technology becomes increasingly sophisticated, Li-ion batteries are
expected to replace Ni-MH and be used as on-board batteries in the near future [Rec].

There are several criteria of choosing battery systems, including self-discharge rate, charge time,
energy storage capability, cost and cycle life, etc. Based on an overall consideration, in our study,
a 100V lithium-ion battery is chosen to supply energy to the electric machine used in our hybrid
electric vehicle.

1.2.2.2 Advantage and disadvantages

Battery has relatively high specific energy but relatively low in specific power. The power response
is faster than fuel cells, but slower than supercapacitors. Batteries can be used in both electric
vehicles and hybrid vehicles. Being different from fuel cells, batteries contain their chemical
materials inside, and thus they have a limited lifetime. A automotive SLI battery may last
around 6 years. When batteries reach their life limit, it is necessary to well dispose of. Otherwise,
the toxic materials in batteries may cause damage to the environment. Hence, battery is one
form of electronic waste (e-waste).

Consequently, it is necessary to control battery systems appropriately so as to maximize their
lifetime. In hybrid vehicle applications, transient peak power load demand is very likely to reduce
batteries lifetime. As a result, it is necessary to limit the battery current slope. To achieve this, a
supercapacitor can be added to supply the transient peak power and capture the braking power.

1.2.3 Ultracapacitors

Ultracapacitors, also known as supercapacitors or electric double-layer (EDL) capacitor, are
applied in power electronics area. For vehicular application, ultracapacitors serve as braking
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FIGURE 1.3 — Schematic of structure and operation mechanism of supercapacitors

energy recovery and burst-mode power delivery device.

1.2.3.1 Working principle and characteristics

Supercapacitors were first developed by General Electric (GE) engineers in 1950s [JH07]. Super-
capacitor is also called ultracapacitor or electric double-layer capacitor (EDLC). Figure 1.3 gives
a structure of the principle of supercapacitors. Comparing to capacitors, the anode and cathode
of supercapcitors have much higher surface area, and thus can accumulate much more charges at
the surfaces. Moreover, the carbon electrodes have high energy storage capacity. Being different
from fuel cells and batteries, the energy storage process of supercapacitors is not through chemi-
cal reactions, and thus is reversible. As a result, supercapacitors can be repeatedly charged and
discharged hundreds of thousands of times.

Supercapacitors exhibit a much longer lifetime than batteries. Generally, supercapacitors do
not rely on chemical changes in the electrodes. Their lifetime depends mainly on the rate of
evaporation of the liquid electrolyte. This evaporation depends on the temperature. As a result,
the higher the temperature is, the faster the evaporation goes, and thus, the shorter the lifetime
will be.

1.2.3.2 Advantage and disadvantages

Supercapacitors have a large capacitance density and very small time constants due to their very
low internal resistances. Therefore, they have advantages in applications where a large amount of
energy in a relatively short period is demanded or where a very high number of charge/discharge
cycles is needed. The energy density of Supercapacitors is only about 10% of the same weight
batteries, while their power density is about 10 to 100 times greater [KL10|. Ultracapacitors
have therefore much faster charge and discharge cycles. They also tolerate many more charge
and discharge cycles than batteries. However, ultracapacitors alone cannot supply load power
requirement due to its self-discharge property.

Stand-alone fuel cells or stand-alone batteries integrated into an automotive system are not
always sufficient to satisfy the load power demands. Due to the foregoing characteristics, ultra-
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. Discharge Specific ener Specific  po- .
Charge time Time & (\I;Vh /kg) &y wir (W /k; Life Cycle
Batteries 1~5 hrs 0.3~3 hrs 10~100 < 1000 <1000
Ultracapacitors| 0.3~30 s 0.3~30 s 1~10 < 10,000 > 500, 000
Capacitors 1073~107% | 1073~107% | < 0.1 < 100, 000 > 500, 000

TABLE 1.1 — Characteristics of different devices (Source : [Zho06])
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FIGURE 1.4 — Specific energy and power of different devices (Source : [Zho06])

capacitors are suitable to be a supplement when a rapid load power is required. Ultracapacitors
can be used to capture large braking power during deceleration and provide transient peak power
demand during acceleration. Integrating ultracapacitors to energy storage systems of EVs and
HEVs will help reduce the overall volume and extend the serving life. With proper control stra-
tegy, this integration would also improve fuel efficiencies, reduce exhaust emissions, and extend
the electric driving ranges.

1.2.4 Comparisons of different devices

Table 1.1 gives a comparison of the characteristics of batteries, ultracapacitors and conventional
capacitors in terms of charge/discharge time, specific energy/power, and life cycles. Figure 1.4
gives a comparison of specific energy and specific power of the three energy storage devices.
Specific energy (Wh/kg) and specific power (W/kg) are two important indicators of energy
storage devices. They describe the energy and power capacities per unit mass of various devices.
The indicators are sometimes measured per unit volume, and are referred to as energy density
(Wh/L) and power density (W/L).

It can be seen from the figure that the fuel cells have relatively high specific energy but relatively
low specific power. On the contrary, the capacitors have high specific power but low specific
energy. The property of batteries is between them. Consequently, fuel cells and batteries are
often used to supply the main power, while supercapacitors are used to meet the rapid power
requirements. The hybridization of different devices improves the overall performance of the
system and reduces the overall volume and cost.
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1.3 Hybridization of energy storage systems

We have seem from the section above that fuel cells, batteries and ultracapacitors all have their
own advantages and disadvantages. Neither one of them can serve all applications by themselves.
Hybridization of two or three of the energy storage systems can provide a better performance
and meet wider energy requirements. For hybrid vehicles, hybridization of energy storage systems
may also contribute to improve fuel efficiency indirectly [KL10].

Instead of using a signal power source, the hybridization of multiple power sources may achieve a
compromise between the specific power and the specific energy. Generally, in the configuration of
two power sources : we choose one source with high specific energy and another with high specific
power. The one with high specific energy supplies the main energy required by the system. While,
the other one with high specific power meets the load power demand in a short time. Thus, this
configuration can provide rapid and additional power during acceleration when peak load power
is required, and achieve a braking power recovery during deceleration. Besides, it has a longer
cycle and service life. Moreover, the overall size, volume and cost of the energy storage system
can be effectively reduced.

In a hybrid configuration, the role of fuel cells and batteries is generally to supply main power to
the load, whereas ultracapacitors deal with the transients and non-stationary fluctuating signals
during acceleration and braking. Different topologies of hybrid energy sources have been studied
in the literature. This will be presented in the following section.

1.3.1 Configurations of hybrid energy storage system

A hybrid energy storage system is composed of fuel cells stack, battery packs and ultracapacitor
modules or any two of them. [WIAT11,TRD09]| and [ABH11] give respectively two configurations
of hybrid energy storage systems with fuel cell, batteries and ultracapacitors for hybrid electric
vehicles. The advantage of three energy storage sources combination is that the battery can be
charged by the fuel cell when the load is relatively light.

[WIAT11, TRDO09| propose a direct parallel connection of three energy sources. As shown in
Figure 1.5, the fuel cell, battery and ultracapacitor are connected to the DC bus via a DC-DC
converter respectively. Due to its symmetry and flexibility, it is easy to realize an energy analysis
and control. Whereas, the number of the electronic power devices in this topology is more than
in other topologies, and thus, this leads to a potential increase of cost. In this configuration,
the converters connected to batteries and ultracapacitors are bidirectional converters allowing
a current flow in both directions, whereas, the converter connected to the fuel cells is a single
direction converter avoiding the current flow into the fuel cells, in order to protect the fuel cells.

Other than a combination of all three energy storage systems, a hybridization of two energy
sources is more common. [GFGJ10] researches a fuel cell and batteries combination applied
in Metro Centro tramway in Spain. [KP07] has studied fuel cell/battery hybrid vehicles. Ho-
wever, [Gao05] has compared the performance of a fuel cell-battery hybrid system and a fuel
cell-ultracapacitor hybrid system and has concluded that the latter, with the existence of ultra-
capacitors, shows better performance, economizes more fuels, and meet better the load power
demand. Similarly, [BK08| has also done a comparative study by building an objective function
including performance, fuel economy, and powertrain cost and has indicated that, among fuel
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FIGURE 1.5 — Parallel connection of fuel cells, batteries and ultracapacitors

cell-battery, fuel cell-ultracapacitor, and fuel cell-battery-ultracapacitor vehicles, fuel cell-battery
hybridization shown the poorest performance.

Compare to the hybridization of fuel cell and battery, the combination of fuel cell /ultracapacitor
and battery /ultracapacitor show better performance and are preferred by most researchers. In
these two configurations, ultracapacitor effectively complements the common drawbacks of fuel
cell and battery, that is, respond for rapid dynamic power demand will cause severe damage to
themselves. Thus, in this complement structure, fuel cells or batteries, due to their high specific
energy, play a role of supplying continuous steady energy. Whereas, ultracapacitor, due to its high
specific power, serves as energy source during accelerations to satisfy the peak power demand,
absorbs energy during decelerations and realizes braking energy recovery.

There are several topologies for hybridization of two energy storage systems [LMT13]. Seven dif-
ferent topologies are depicted in Figure 1.6. Here, we consider only the hybridization of batteries
and UC. Similar topologies can be extended to the hybridization of any other two energy storage
systems.

In Figure 1.6(a), battery pack, paralleled with UC bank is directly linked to the DC bus. The
battery charges the UC and supply power to the DC bus. This topology has an advantage of
simplicity ; however, it is lack of flexibility since it is difficult to control the current flowing
through the battery and the UC, and the voltage on the DC bus is also uncontrollable and
always varies with the battery voltage.

To increase the flexibility, DC-DC converters can be applied, Figure 1.6(b, ¢, d) are three different
cascade topologies, also known as series topologies. In Figure 1.6(b), a bidirectional converter is
added to connect the UC and the DC bus. In this topology, the DC bus voltage can be boosted
to a desired value while it is still difficult to regulate the power in the UC since it operates at
the same voltage as the battery. Therefore, the topology is often referred to as a passive cascade
structure [KL10]. In Figure 1.6(c) and (d), two converters are applied, and are often referred
to as active cascade structure due to their control flexibility. Comparing to (d), (¢) may boost
the DC voltage to a higher level due to the two converters interfacing between the battery and
the DC bus. Therefore, it is possible to choose a smaller size battery to satisfy the same power
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requirement, and thus, reduce the cost.

Other than cascade connections, Figures 1.6(e, f, g) show three different hybrid energy sources
topologies with parallel connections. (e) and (f), with only one converter, are more simple but
less flexible than (g). In Figure 1.6(e), a DC-DC converter connects the UC to the DC bus,
making it possible to control the power in the UC, and the DC bus voltage can be maintained
at a certain value without regulation. In Figure 1.6(f), the converter is linked on the battery
side, providing a higher and adjustable voltage in the DC bus. However, neither of these two
topologies allows achieving an optimum power sharing between the batteries and the UC. To
achieve this so as to extend the life cycle of energy sources, the topology 1.6(g) is proposed and
is often referred to as an active parallel structure. The two energy sources are connected to the
DC bus by a converter respectively. Many researchers have studied this topology and proposed
various control strategies.

In order to reduce the cost, size and complexity of control, researchers have proposed other
topologies to transform the foregoing topologies. [DC03| has proposed to connect both battery
and UC to one common DC-DC converter via two parallel switches, as shown in Figure 1.7. In
this configuration, the converter is a two-quadrant DC-DC converter and works in boost mode
when energy sources supply the load and works in buck mode for recovering braking energy to
recharge the batteries and the UC. The configuration effectively reduces the number of converters.
Whereas, it increases the number of switches and thus complicates control strategy.

[CE09] have proposed another topology, as shown in Figure 1.8. Being different from the topology

of 1.6(f). A diode is added between the battery and the DC bus. Depending on the load power
demand, the diode is reverse biased when the load demand is low and forward biased when the
load demand is high. Therefore, the battery can be switched in to supply more power when a
high load power is required.

Other than the topologies aforementioned, researchers have also introduced galvanic isolated
converter into hybrid energy storage system. This is achieved via replacing the two inductors
by a transformer. As shown in Figure 1.9 [OK12], with an integrated magnetic structure, two
inductors share one core. This configuration effectively reduces the weight and volume of the
system. Moreover, due to the inductor coupling structure, the ripples of the input current and
the output voltage can be effectively cancelled, and the system responses to the load transients
are much faster [OK12].
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1.3.2 Configurations of DC-DC converters

In terms of galvanic isolation, DC-DC converters are divided into isolated converters and non-
isolated converters. Isolated converter isolates the electrical connection between input and output,
and this is achieved by integrating a transformer in the electric circuit. This configuration is based
on the users’ security consideration. Moreover, it has strong noise and interference blocking
capability, thus provides the load with a cleaner DC source which is required by many sensitive
loads. Isolated converters have been used in hybrid electric vehicles. An isolated half bridge
based DC-DC bidirectional converter is proposed in [HD08| for Plug-in Hybrid Electric Vehicle
applications. In the converter, the leakage inductance of the transformer is the primary energy
transfer element.

However, the existence of transformer requires a decoupling of the inductance, and thus makes
the controller design more complicated. Furthermore, as opposed to common non-isolated DC-
DC converters, isolated converters are more bulky, heavier and cost more. Therefore, isolated
DC-DC converters are not considered in our study.

For non-isolated converter, as depicted in Figure 1.10, there are three main topologies [SB03|. As
shown in Figure 1.10(a), a basic bidirectional converter, works in boost mode when the current
flows forwards and works in buck mode when the current flows backwards. This topology is also
called half-bridge configuration. A combination of two half-bridge forms a full-bridge buck-boost
converter as shown in Figure 1.10(b). In this configuration, the number of active components
doubles, but the electrical and thermal stresses of the circuit become lower. Another common
configuration is Cuk converter, see Figure 1.10(c). An advantage of Cuk circuit is that the input
and output current can be rather smooth without ripples. Therefore, it is quite suitable in fuel
cell applications. However, Cuk converter requires more active components than the other two
converters and consequently leads to higher conduction loss and larger volume [TT13].
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F1GURE 1.10 — Topologies of DC-DC converters

Other DC-DC converter topologies include parallel interleaved structure which is a parallel
connection of switching converter with a shared input and output [BDB'14]; hybrid switched-
capacitor bidirectional converter which is a composite of capacitors and switches [PMC12|; and
Z-Source network converter which is a Z-form combination of inductors and capacitors [Pen08].
In our study, a 4-quadrant bidirectional converter, as shown in Figure 1.10(a), is favourable for
battery/UC hybrid energy source system in hybrid electric vehicles.

1.4 Control methodologies

In HEVs, in order to exploit the energy storage systems properly so as to extend their lifetimes,
increase electric drive range, improve energy efficiency, and economizer fuel consumption, proper
energy management for energy storage systems is quite necessary and has attracted the attention
of many researchers. Various control strategies are discussed in this section. Rule-based power
split control ; cost function optimization ; wavelet-based load sharing algorithm, etc. are proposed
considering power distribution between different energy storage systems. Flatness-based control,
polynomial (RST) control, PI control, sliding mode control and passivity-based control are also
applied considering the converter characteristics.

1.4.1 Energy management

Generally speaking, energy management is to better exploit the hybrid energy storage system to
cooperate with vehicles operations. For a batteries/UC hybrid system, in order to satisfy the load
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requirement, batteries need to supply sustainable and steady energy to the electric machine, so
as to support continuous propulsion. On the other side, UC needs to be responsible for vehicles
starts/stops, acceleration and deceleration. Specifically, UC is in charge of supplying peak power
during acceleration and absorbing braking power during deceleration. At the same time, it is
important to maintain the state of charge (SOC) in batteries and UC, this is reflected in terms
of their terminal voltage. In order to manage the energy distribution of different energy storage
and maintain the state of charge, an effective and powerful control strategy is required to achieve
a high performance. Over the past few decades, from power splitting strategy to power converter
control, researchers have made great efforts to design such a high-performance system.

1.4.1.1 Driving cycle

Driving cycle is an important standard of automobile operation. A driving cycle is a curve
describing the vehicle velocity versus time under certain traffic conditions such as highways or
urban roads. There are different driving cycles proposed by different organizations. In general,
there are three countries generating driving cycles which are Europe (NEDC, ECEL15), Japan
(10-15 Mode), and United States (FTP, SCO3SFTP, UDDS, US06 andLA92) [TT13]. The most
commonly used are the EPA Federal Test Procedure (FTP-75), and the New European Driving
Cycle (NEDC) describing urban driving conditions. Driving cycle is used as a speed reference in
off-line simulation to study the performance of propulsion system and the energy storage system.
As shown in Figure 1.11, NEDC is theoretically derived, thus its curve is rather smooth. FTP-75
is measured from a real driving pattern, and thus, it is a non-stationary signal.

1.4.1.2 Control methodologies of energy management

Rule-based control is one of the supervisory control methods of the overall low-level components
control. Rule-based control is based on human expertise, intuition and heuristic [TT13]. The rules
are designed to share the load demanded power between primary and auxiliary energy sources.
The controller can be achieved through fuzzy logic control. Rule-based controller is favourable
due to its simplicity and possibility to implement onboard for real-time control. However, it
requires a relatively large amount of calibration effort when applied on-line.
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Another supervisory control method is optimization approach, which is realized through opti-
mizing an objective function. Optimization approach, which is generally exploited to maximize
the efficiency on the powertrain and minimize the losses, can be extended to manage the energy
distribution for hybrid energy system. Optimization approach includes linear programming, dy-
namic programming (DP), stochastic DP, etc. Such an approach is based on a priori knowledge
of the power demands over a driving cycle, and thus the results are not necessarily optimal when
it is implemented on-line.

[SSL14| presents a comparison of a predictive controller, a dynamic programming algorithm,
and a rule-based strategy for vehicular batteries/UC hybrid system. Referring to the study,
all the three methods effectively reduce battery wear, and thus extend its lifetime. Moreover,
the designed dynamic programming algorithm shows the best performance among these three
methods.

The main idea of energy management for hybrid energy system is that the auxiliary energy source
UC should capture the dynamic components of the load current while the primary energy source
operates at a steady current level. Then the objective is to get the current reference for UC.
Generally, this can be simply obtained by passing the load current through a high-pass filter.
The filtered high frequency current is then the current reference for UC. However, simple filters
may lead to a delay and thus the UC may not absorb the peak power promptly. [AS10] proposes
a low-phase-shift filter to reduce the phase shift introduced by the filter.

[UAO08| proposes a wavelet-base power sharing algorithm for fuel cell/UC hybrid vehicular power
system. The authors utilize ADVISOR, an effective analysis tool for vehicle simulation, to get a
required power demand profile corresponding to the vehicle driving cycle, and then apply wavelet
transforms to the profile to filter the transient sharp peak power demands. The obtained peak
power demand is then chosen as the power reference for UC.

[PPMTO08,PPMTD11] propose a flatness-based control for energy management of fuel cell/UC
hybrid power source. The paper proves that the nonlinear differential equations describing hybrid
energy storage system have flatness property. Hence, all states and inputs of the system can
be explicitly expressed in terms of the flat output and a finite number of its derivatives. The
considered output of the system is the energy stored in the DC-bus capacitor. The system is
controlled by planning the desired reference trajectories on the flat output space, and implement
state feedback regulators to force the states to follow their references.

1.4.2 Power converter control

If we could say that energy management is a top-level control, then the power converter control
could be referred to as a low-level control. Energy management is achieved through power conver-
ter control. Top-level control alone is not enough, it gives only an general overview. The study
of power converters is relatively developed. Various control theory methods have been proposed
by researchers.

1.4.2.1 Linear control

[WIAT11] applies traditional PI controllers to control each power converter connecting the
energy storage system to the DC bus. As shown in Figure 1.12, power converter output voltage
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FIGURE 1.13 — RST converter control structure

can be regulated through a cascade structure with a current inner loop and a voltage outer loop.
The current and voltage controllers can be simply realized with a proportional term and an
integral term.

[CGGT10,CDG12| propose a polynomial control strategy, also known as RST digital control,
for voltage and current management of battery/UC system. The principal control structure is
presented in Figure 1.13. The key point of the control strategy is to determinate R(z),S(z) and
T(z) polynomials. Where, R(z), S(z) are deduced from Diophantine equation. This algorithm is
robust and easy to implement in a microcontroller.

1.4.2.2 Sliding mode control

Other than Pulse-width modulation (PWM) control and peak current mode control, sliding
mode control gives another method to control power electric switches. Being different from other
controllers, sliding mode controller doesn’t give a continuous duty cycle signal for switches but
a discontinuous control signal which can be directly used to control switches. Consequently, this
property leads to a stiff pushing motion to the system and results in chatting problem. The basic
idea of sliding mode control is to find the sliding surface (see Figure 1.14) and force the system to
move along the surface until reaching the equilibrium point. The sliding mode along the sliding
surface s = 0 is exist only when the condition s$ < 0 is satisfied [UGS99].

For power converter control, sliding mode control is often utilized to control an inner current
loop in a cascade control structure to converge the current to its reference [UGS99]. [ABDMO7|
has proposed to apply sliding mode controller to energy management of fuel cell/batteries/UC
hybrid energy storage system. A cascade control configuration with voltage control as outer loop
and current control as inner loop is applied. The sliding controller is used to control the fuel cell
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converter current and the UC converter current. The outer voltage loop is controlled by a PI
linear controller.

In [DCC13b], the sliding mode controller is applied to a supercapacitor connected DC-DC conver-
ter to absorb the current disturbance in the DC bus. The sliding surface is the error difference
between the current and its reference. The current reference is not a simple nominal value, but a
varying manifold aiming to absorb the current disturbance. The disturbance absorption objective
is easily achieved with sliding mode control. More details can be find in the reference.

1.4.2.3 Passivity based control

Passivity-based control, first proposed by Ortega at the end of 20th century, dealing with system
total energy, is a quite powerful nonlinear control method. Consider a system with states z € R™
input u € R™ and output y € R™, if there exists a non-negative storage function H(x) which
can be written in the following form, then the system is said to be passive.

Hmm—HmwsAqumm5 (1.1)

The inequality can be rewritten as :

Hmm—mwmzéu%M@@— d(t) (1.2)

4 S~~~
stored energy supplied energy dissipated energy

Where, the left side of the equation represents the energy stored in the system, and the integral
term on the right side is the energy supplied to the system, and d(¢) > 0 is the dissipated energy
of the system.

Let the control input u(z) = B(x(t)) + v(t), and make the following assumption :

_/O BT (x(s))ds = Ha(z(t)) + no (1.3)
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Where, ng is a constant of integration ng = H,(x(0)). Substitute u into (1.2), and after some
manipulation, we may get :

Ha(x(t)) — Ha(2(0)) = /0 v(s) " (y(s))ds — d(t) (1.4)

with energy function Hy(x(t)) = H(z(t)) + Hq(z(t)) being closed-loop energy. It can be seen
from (1.4) that with the new control input v(¢), the closed-loop system is still passive. Moreover,
if Hy(x) has a strict (local) minimum at z*, then x* is an equilibrium point, and Hy(x) decreases
while z converges to x* asymptotically. This is the principle of PBC.

Passivity based control is designed via interconnection and damping assignment, based on an
Euler- Lagrange model or a Hamiltonian model [OvdSME02|. Passivity-based controllers have
been studied to control a boost type and a buck-boost type DC-DC converter in [SRO95]. It has
been proved that an output voltage direct control leads to an unstable controller, and thus, the
controller is based on an indirect current control. PBC has also been studied in hybrid energy
storage systems. [ABH'10] applies PBC to a DC-DC converter cascade configuration for fuel
cell/UC hybrid energy source. The system is written as a port-controller Hamiltonian system,
and the controller is designed by preserving the system passivity.

1.5 Conclusions

In this chapter, we have summarized the principles and characteristics of fuel cells, batteries and
UC, and analyzed their roles in EVs and HEVs. Fuel cells and batteries, due to their high energy
density, are often used to supply steady energy to the load. Fuel cells, primary energy source, are
often applied in electrical vehicles. Batteries work as primary sources mainly in HEVs. UC, due to
its high power density, is exploited to capture the braking power and supplies instantaneous peak
power demand. Hybridization of two or three of them provides a better energy storage system.
Moreover, we have shown different hybridization structures and various topologies of DC-DC
converters in vehicular applications. Among them, a parallel batteries/UC configuration with
bidirectional DC-DC converters is chosen in our study due to its flexibility. Furthermore, in order
to control hybrid energy storage systems, and properly manage the energy distribution between
energy storage systems, a series of control strategies and control theory methods have been briefly
presented. However, all these researches aim to deal with instantaneous peak power. In our study,
we will focus not only on instantaneous peak power but also on sinusoidal disturbances introduced
by ICE torque ripple compensation, and this will be elaborated in the following chapter.
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DISTURBANCE REJECTION THEORY AND APPLICATION
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2.1 Introduction

In this chapter we will discuss two types of disturbances : transient and persistent disturbances.
Both kinds of disturbances exist in hybrid electric vehicles. Transient disturbances are mainly
caused by the instantaneous change in power demand, while the persistent disturbances are
originated from the reciprocating motion of the piston in internal combustion engine. In our
study, we focus mainly on the influence to DC electrical part. The influence of the disturbances
to DC electrical part will be further explained, and the electrical model will also be built in this
chapter.

For the past many years, to suppress and attenuate persistent disturbances, researchers have
made great efforts and resumed a large amount of theories. In 1970s, Francis and Wonham have
studied disturbance rejection for linear time-invariant and finite-dimensional systems and pro-
posed the internal model principle which defines the feedback controller structure. Under the
inspiration of Francis and Wonham, Byrnes, and Isidori have extended the theories to nonlinear
systems and published their contributions in 1990s. Afterwards, an increasing number of resear-
chers get interested in the related study. It is worth mentioning that Van der shaft has applied
and extended some related theories to a typical class of system, port-controlled Hamiltonian
system. In this chapter, we will review the main contributions of the predecessors on disturbance
rejection for linear and nonlinear systems and then we attempt to solve our problem in hybrid
electric vehicles with some related theories.

For our problem, the system is a non-linear system and specifically a port-controlled Hamiltonian
system. However, the aforementioned theories cannot be applied in a direct manner. The problem
remains complex, yet it is undeniable that the attempt to apply the related theories provides a
clue to solve our problem and widen the horizon.

2.2 Disturbances in electrical part of HEVs

A hybrid electrical vehicle consists of an internal combustion engine and an electric machine.
Referring to [Njell], there exist several interconnections between the engine and the electric
machine, such as series, parallel and hybrid connection. In our study, we concern the HEV with
the ICE connected in parallel to a PMSM, providing propulsion to the load vehicle. As shown
in Figure 2.1, for the mechanical part, the ICE and the PMSM are connected in parallel and
deliver propulsion to the load. For the electrical part, a hybrid energy storage system (batteries
and ultracapacitors) supplies power to the PMSM interfacing DC-DC converters and a DC-AC
converter. The presence of the DC-DC converters makes the whole system more flexible and
easier to control.

2.2.1 Mechanical equations

The influence of the vehicle speed to electrical DC part can be seen from mechanical and electrical
equations. For sake of simplicity, neglecting the influence of the connection belt, the mechanical
equation on the shaft can be written as :

Jiom = (Ty + T;) — Tymsm — T (2.1)
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FIGURE 2.1 — Battery/Ultracapacitor hybrid energy storage system in hybrid electric vehicles

where, J is the mass moment of inertia, wy, is the rotational speed, Tp,sm is the PMSM torque,
T, is the torque generated by the pressure in the cylinder in the combustion process, T; is the
torque generated by the oscillating masses and connecting rod, 7; is the load torque.

Equation (2.1) shows the relation between torques and the rotational speed. It can be seen that
the control of the variation of the speed can be achieved through torque control. When a vehicle
is running steadily, it is desired that the vehicle runs as smooth as possible, as a result, in order
to obtain a constant speed, the torques need to satisfy the following equation :

Tpmsm = (Tp + T’z) - T’l (22)

It is well known that the torque on the shaft generated by the ICE is due to the movement of
pistons in the cylinders, which leads to ripples on the torque. Mechanical and chemical researchers
have attempted to solve the problem in their domains. Traditionally, a flywheel is added to
smooth the rotational speed by increasing the inertia, and the speed gets smoother as the size
of the flywheel increases. However, the size of flywheel cannot increase infinitely because large
flywheel increases the weight of vehicles and makes it difficult to spin up. Consequently, we
attempt to solve the problem of torque ripples in electrical domain. [NCCM11] does a contribution
and proposes several control algorithms to control the DC-AC converter. Through the designed
controllers, the PMSM generates torque ripples that compensate the ones generated by the ICE,
which achieves an "active flywheel". Herein, we consider only the DC-DC converters with the
same objective that is to control the torque of the PMSM, so as to compensate the torque ripples
generated by the ICE.

2.2.2 Electrical equations

Consider a dynamic model of PMSM expressed in the dg reference frame rotating at the same
speed as the rotor. Set the d axis current 74 to 0, then the torque generated by the PMSM T},,,5,
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is proportional to the ¢ axis current 4, :

3 .
Tpmsm = §p¢m2q (23)

where, p is the number of pair poles and ¢,, is the magnet flux of the PMSM rotor. Thereby, the
PMSM torque control can be achieved via the control of the current .

As shown in Figure 2.1, the power of the PMSM is supplied by the hybrid energy storage system
through DC-DC converters and a DC-AC converter. From energy conservation point of view,
neglecting the losses in the circuit, the power on the DC bus (V.I4.) equals to the PMSM power
(Ppmsm)- This is equivalent to :

3 .
Vaclae = pmsm — Tpmsmwm = §pwm¢m2q (24:)

Therefore, the power in the DC bus is related to the PMSM power. If we suppose that the voltage
on the DC bus is constant, then the current in the DC bus varies as P,y varies.

2.2.3 Current disturbances in DC bus

The mechanical and electrical relations can be seen from the equations above. As aforementioned,
in order to achieve a smooth rotational speed, the torque T},,s, is required to compensate the
torque ripples generated by the ICE. In other words, the ripples are thus introduced in the PMSM
torque. Referring to equation (2.3), these ripples, being regarded as persistent disturbances, are
transferred to the current ¢,, and then transferred to the DC bus, and thus leads to persistent
disturbances in the DC bus.

It is not difficult to understand that the phenomenon of ripple torque gets more obvious as the
rotational speed reduces, and the ripple disturbances are quasi-periodical. Reference [NCCM11]
presents a frequency analysis of rotational speed signal for a single-cylinder diesel engine under
low rotational speed. Referring to this analysis, the speed signal is composed of a constant
component and different sinusoidal harmonics that are multiples of the 7.5H z which corresponds
to the fundamental of a low rotational speed 900rpm(94.2rad/s).

Other than the persistent disturbances in the DC bus due to the torque ripple compensation
when vehicles run smoothly, there exists another type of disturbance. During acceleration or de-
celeration, when the PMSM works in motor mode and large power is demanded instantaneously,
or when the PMSM switches to generator mode and the power is fed back, the variation of Ppy,spm
can be regarded as a step signal and thus introduces a step variation (in other words, transient
disturbance) in the DC bus.

Without loss of generality, both transient disturbances and persistent disturbances in the DC bus
are considered in our study. The disturbances in the DC bus can be considered as an exogenous
influence generated by an exogenous system. The exogenous influence to the DC bus can be
described as an external current w. It can be decomposed into a constant component and a
variable component, i.e.,.w = W+, where, & represents the constant component and @ represents
the variable component, which is the disturbance that we want to rejected.

Mathematically, disturbances @ could take the following two forms :
— Persistent disturbance w(t), is a periodical disturbance, and defined as w(kT) = w((k +
1)T), for all non-negative integers k, and T is the period of the signal ;
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FIGURE 2.2 — Persistent disturbance and harmonic decomposition

— Transient disturbance w(t), defined as w(t;) = w(ty + T') in the time interval [t1;¢1 + T,
with T > 0.

Figure 2.2 and Figure 2.3 give an example of persistent disturbances and transient disturbances
respectively. Based on the harmonic decomposition method (a recurrence least squares algorithm
with a forgetting factor) used in reference [NCCM11], the external current can be decomposed
into a constant component and different harmonic components. This is to say, w = w + w1 +
Wo + @Wg + -+, where, @; (i = 1,2,3,---) are sinusoidal component with different frequencies.
Herein, for sake of simplicity, we take only one harmonic @; into consideration. Same principles
can be extended to other harmonics. The controller dealing with the persistent disturbance can
be constructed by a combination of the subcontrollers dealing with each harmonic. Moreover,
when @ < 0, it corresponds to the PMSM working in motor mode. Likewise, when @w > 0, it
corresponds to the PMSM working in generator mode.

2.2.4 Control objectives

Now that we have introduced the origins and the mathematical expressions of the two types of
disturbances, it is obvious that the control objective is to achieve disturbance rejection. The idea
of disturbance rejection is to reject the disturbances in the battery by absorbing them via the
ultracapacitor. This is actually reflected in the construction of an "active damping".

Specifically, if the battery is the only power source to feed the PMSM, then the disturbances
in the DC bus may be transferred totally to the battery and result in an oscillating or a step
current in the battery, which will cause severe damage to the battery and reduce its lifetime.
Therefore, it is necessary to design an “active damping" which gives an effect that reduces the
amplitude of oscillations and the rapid variations in the battery. Taking this into consideration,
the ultracapacitor is utilized to play the role of “active damping". It is connected to the DC
bus through another DC-DC converter and aims to absorb the disturbances through an effective
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high-performance controller. The controller needs to be well-designed and this is a main task of
our study.

The control objective for the DC-DC converters is clear. In summary, the control of the hybrid
energy storage system aims to maintain a constant voltage in the DC bus; moreover and most
importantly, to absorb the transient and persistent disturbances by the ultracapacitor ; meanwhile
to maintain the voltage of the ultracapacitor around its nominal value.

2.3 Disturbance rejection theories

Figure 2.4 gives the configuration of a plant with exogenous disturbances generated by an exo-
system. The disturbance rejection problem can be expressed as to find an error output feedback
controller to drive the error output to zero as time goes to infinity.

exosystem
w
plant ¢
b y
controller

FIGURE 2.4 — System with exogenous disturbances



2.3 Disturbance rejection theories 31

As aforementioned, in our study, we consider transient disturbances and persistent disturbances.
Here, we consider persistent disturbances first. Persistent disturbances are quasi-periodical dis-
turbances, so can be considered as the output of the following linear exosystem :

w=s(w) = Sw (2.5)
with
0
0 a1
—Q] 0
0 a9
S = —ay 0 y X1.2... k 75 0
0 (697
—a 0
Thus, w corresponds to sinusoidal signals, and «;(i = 1,2, -+ , k) corresponds to the frequency of

each sinusoidal element. However, the information of phase is not included in this representation.

The plant in Figure 2.4 could be linear or non-linear. Researchers have made great effort for linear
and non-linear output regulation problem for decades. We will resume the main contributions
and important results in this section and attempt to apply them to our problem.

2.3.1 Linear systems

Early in 1970s, Francis and Wonham have studied output regulation for linear time-invariant and
finite-dimensional systems, this problem is concerned with designing a control law for a plant
such that the output of the plant asymptotically tracks a class of reference inputs and rejects a
class of disturbances. Moreover, they have studied the situation when certain plant parameters
vary, which is referred to as structurally stable output regulation [FSW74, FWT76].

A main contribution of Francis and Wonham is the internal model principle which claims that
a controlled system is structurally stable only if the controller utilizes feedback of the regulated
variables and incorporates in the feedback path a suitably reduplicated model of the dynamic
structure of the exogenous signals [FW76]. The principle gives an important overview of the
control law. Another contribution of Francis and Wonham is a series of Sylvester equations which
are named as regulator equations. They have proved that the solvability of regulator equations
is a necessary condition for the solvability of a structurally stable output regulation problem for
linear systems.

Consider a linear plant and an exosystem in state space representation :
= Az + Bu+ E,w
y = Cyx + Dyyu + Dyyw
e = Cex + Doy + Deyyw

w=Sw

(2.6)

The equations describe a plant with state © € R"™, control input u € R", measurable output
y € RP and error output e € RY. The exosystem with state w € R® generates exogenous input
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to the plant. It can be seen that when E,, = 0 and Dy, = 0, and let —D,,w be a reference,
the problem becomes a classical reference tracking problem, what the exosystem generates is
only the reference, and what the controller needs to do is only to track the reference. However,
when F,, # 0 and D,,, # 0, the system becomes more complex, and represents a system with
exogenous disturbances. The control objective is to achieve disturbance rejection.

It is necessary to make the following three assumptions :
— Al : The pair (A, B) is stabilizable.
— A2 : The pair (Cy, A) is detectable.
— A3 : All the eigenvalues of matrix S are > 0 (S is anti-Hurwitz-stable).

2.3.1.1 Regulator equations

Lemma 2.3.1. Assumptions A1 and A2 hold, the output regulation problem for linear system
2.6 has a solution if there exist matrices 11 and ' such that the following Sylvester equations are
satisfied.

IIS = All+ BI' + E,,

(2.7)
0= CeIl + DT + Doy,

The existence of II and T' satisfying the regulator equations (2.7) is a necessary condition for
the solvability of output regulation problem for linear system. As a matter of fact, [lw and I'w
provide a mapping for the state  and the input u respectively to reach their desired equilibrium.
Therefore, the existence of the matrices 1I and I" implies the existence of such mappings or such
paths to the desired equilibrium.

2.3.1.2 Feedback controllers

State feedback

When y = x, which means that all states are measurable, the regulator is a state feedback
controller :
u=Fzr+ (- Fll)w (2.8)

where, I is an arbitrary matrix such that all the eigenvalues of A+ BF have negative real parts.
This can be easily proved by variable replacement. Replacing x by & = x — Ilw, we obtain :

i=(A+BF)z

e = (Ce+ Dy F)T 4 (CIl + Doy I + Deyy)w
When C.II + D¢, I' + Dey, = 0, we have lim;_,e(t) = 0. The stability is guaranteed by the

stability of A + BF'. It can be seen that the variable replacement actually transform x to Z
through mapping Ilw, where the error output converges to zero.

Output feedback

(2.9)

More general cases when y # z, the regulator is an observer based controller and has the following

OGO e )

) (2.10)
w=(F (- FTI)) <i>



2.3 Disturbance rejection theories 33

where, K4, Kg and F' are matrices such that all the eigenvalues of matrices

A+ KACy Ew +KADyw>

A+ BF and <KSCy S+ KsDy

have negative real parts.

Take v = <v1> = (2), then the control algorithm (2.10) can be written in a general form as

U2
follow :
)= A B
U= Aet T+ By (2.11)
u=Cww+ Dy
with
A — A+ KACy+ BF Ey,+ KaDy, + B(I' = FII)
c Kscy S + KSDyw
__(Ka
e <KS>
C.=(F T -FI)
D.=0

It is worth mentioning that the control algorithm (2.11) can be deduced from a designed system
(2.12) with no constraint, then the control algorithm to this auxiliary system is equivalent to the
output feedback controller of system (2.6) [SSS03] :

- — A_ B_
v Av b (2.12)
Yy = Lyx
with
- A —-BT = 0 B =
The control algorithm to the auxiliary system is :
§ T fee T el (2.13)
u=Ccs+ Dy
with _ _
o= (TP 16 o)
Be, (Dyw + CyII) A
_— Dq
5=~ (5)
Ce = (=T + D¢y (Dyy + CyII)  Coy)
D.= D,
The control algorithm (2.13) can be explicitly rewritten as :
¢ =S¢+ Ceisa+ Dery
. — A B —
G2 cS2 + cY (214)

u=—I'¢t + éc,2§2 + Dc,2g
S~ —,—,—,——

ul ug
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FI1GURE 2.5 — Output regulator for linear systems

where, ¥ = (y + (Dyw + CyI'))s1. The output feedback controller can be depicted in Figure 2.5.
It can be seen from the figure that the controller is the sum of two subcontrollers.

2.3.2 Nonlinear systems

In 1990s, Isidoris et al. have extended the linear output regulation theories to nonlinear systems
and published their studies [BP197,1B90, BPIK97]. Huang have done some further contributions
afterwards [HL93,Hua0l|. In this section, we resume the main results of error output regulation
for nonlinear systems with exogenous disturbances in contract with linear systems. Consider the
state space representation of a nonlinear system with exogenous disturbances :

T = f(x,u,w)
w=s(w) (2.15)
e = h(z,w)

where, system state x € R", control input u € R™, and error output e € R?. The exosystem with
state w € R® generates exogenous input to the plant. The objective is to find an error output
feedback regulator to drive the error output to zero as time converges to infinity.

Similar with linear systems, the related theories are based on the following hypotheses :
— HI1. & = f(z,u,0) is locally exponentially stabilizable at equilibrium point.
— H2. & = f(x,0,w) is locally exponentially detectable at equilibrium point.
— H3. The Jacobin matrix S = g—Z(O) has all eigenvalues on the imaginary axis.

2.3.2.1 Regulator equations

One of the main contributions of Isidoris et al. is that they found the Sylvester equations for
non-linear systems corresponding to the regulator equations (2.7) for linear systems, and proved
that, under the three hypotheses aforementioned, the solvability of the Sylvester equations is one
of the necessary conditions for the existence of controller for nonlinear systems. Mathematically
represented as :
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Lemma 2.3.2. The nonlinear output regulation problem is solvable if there exist mappings © =
m(w) and u = c(w), satisfying the following requlator equations :

o

%s(w) = f(r(w), c(w),w) (2.16)
0

The regulator equations (2.16) express the property that the mapping z = m(w) provides a
desired invariant manifold on which the error is zero, and the mapping u = ¢(w) drives the plant
to this manifold. The existence of the mappings « = m(w) and u = ¢(w) implies the existence of
this desired manifold and the existence of the path from the plant to this manifold. Therefore,
it is a necessary condition for the solvability of a non-linear error output regulation problem.

2.3.2.2 Linear controllers

If the regulator equations are satisfied, then there exists a controller in the following general

form : .
£=p(&)
u= ()

Now we are on the point to define the specific form of the controller. Generally, the controller
could be linear or nonlinear. Due to the complexity and diversity of nonlinear systems, it is
rather difficult to describe the form of a nonlinear controller. Furthermore, taking into account
the closed-loop stability, despite the Lyapunov stability theory, it remains difficult to exam the
stability of a close loop interconnecting a non-linear plant and a non-linear controller. Therefore,
Isidoris et al. consider the linearization of the plant, and attempt to design a linear controller to
solve the problem. The linearization of the plant leads to the following matrices :

=[5 o B [t o €= [y
O (0,0,0) ou (0,0,0) Ox (0,0)

Isidoris et al. also give conditions of the existence of linear controllers, as described in the following
proposition.

(2.17)

Proposition 2.3.3. The assumptions Hy and Hy hold. The output regulator for nonlinear system
(2.15) can be a linear controller if there exist mappings x = m(w) and u = c(w), with 7(0) =0
and ¢(0) = 0, satisfying the regulator equations (2.16) with c(w) such that, for some set of q real
numbers ag,ar, - ,aq-1,

Llc(w) = ape(w) + a1 Lsc(w) + -+ + ag_1 LT e(w) (2.18)

A—-X B
c 0

1s nonsingular for every X\ that is a root of the polynomial

and moreover the matriz

p(\) =ap+a A+ +a, 1 AT -\ (2.19)

having non-negative real part.
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Stabilizer controller Exosystem
fo= K&+ Le w=s(w)
us = M&y
Internal model w
£ = ®& + Ne “u &= f(z,u,w) e
u = T& + e = h(z,w)
Plant

FIGURE 2.6 — Structure of the controlled system for nonlinear case

In the terminology of [BPIK97], the condition (2.18) indicates that the system {W, s, ¢} is immer-
sed into a linear system (2.20). In other terms, there exists a linear system (2.20) that generates

the same response output as c(w).
-
{ §=2¢ (2.20)

u="TE
with
0O 1 0 O 0 0
0O 0 1 O 0 0
¢=|: :
0 0 0 0 0 1
0 aj 0 az -+ Qr_2 0
T=(1 00 --- 0)

Furthermore, the proposition (2.3.3) gives an abstract condition under which the system {W, s, ¢}
is immersed into a linear system. A particular case yet a concrete example is when the mapping
¢(w), which satisfies the regulator equation (2.16), is a polynomial in w. It can be easily verified
that a polynomial ¢(w) fulfills the condition (2.18). Consequently, if there exists a mapping c(w)
that is a polynomial in w, then it is immersed into a linear system driving the plant to the
desired invariant manifold on which the error is zero. This is to say that it is possible to find a
linear controller to solve the non-linear error output regulation problem. The controller (2.17)
may have the following form :

o= K& + Le
€ = D& + Ne (2.21)
u= M + Y&

Figure 2.6 gives a structure of the whole system interconnecting the plant, the exosystem and the
error output feedback controller. It can be seen that the controller consists of two subcontrollers.
One subcontroller is :

{§0=K§0+L6 (2.22)

Us :Mé-O
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and the other subcontroller is :

{ §1 = & + Ne (2.23)

u; = T&

The subcontroller (2.23) is to generate a desired manifold, which is referred to as an internal
model, while the subcontroller (2.22) is to stabilize the interconnection of the plant and the
internal model.

2.3.2.3 System stability

The matrices in the controller K, M, L, N are chosen to stabilize the matrix (2.24) which charac-
terizes the closed-loop system. The controlled system is asymptotically stable when the matrix
(2.24) has all eigenvalues with negative real part.

A BM BY
LC K 0 (2.24)
NC 0 @

2.3.3 Hamiltonian systems

In the last section, we resume the theories of error output regulation for non-linear plant with
exogenous disturbances. Isidoris et al. introduce linear controllers to solve the problem, and
verify the system stability based on system linearization. Van der Schaft et al. have extended the
theories to port-controlled Hamiltonian systems and have proved that for a class of Hamiltonian
systems, it is possible to design an error output regulator as a Hamiltonian system and guarantee
the whole stability by fulfilling the LaSalle’s invariant principle [GvdS03]. Some related studies
are presented in this section.

Consider a port-controlled Hamiltonian system with exogenous disturbances described by :

&= f(z,u,w) =[J(z,w) - R(x’w)]%?w)

. w)a’H(x,w) (2.25)

ox

+ g(z,w)u

where, H = %xTx. Notice that the port-controlled Hamiltonian system (2.25) has a special form.
That is, the input and the output are conjugated variables, in the sense that their duality product
defines the power flows exchanged with the environment of the system, such as, the currents and

voltages in electrical circuits.

As described in the section of nonlinear system, the solvability of the regulator equations is
a necessary condition for the existence of error output feedback controller. Proposition 2.3.4
presents all necessary conditions for the existence of such a controller and claims that under
these conditions, it is possible to design the internal model of the controller as a port-controlled
Hamiltonian system instead of a linear system.
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Proposition 2.3.4. The assumptions Ay and As hold, it is possible to design an internal model
unit as a port-controlled Hamiltonian system to solve the error output requlation problem for
system (2.25) if there exist mappings © = w(w) and u = c(w), with 7(0) = 0 and ¢(0) = 0,
satisfying the regular equations (2.16), and c(w) a polynomial of w.

2.3.3.1 Hamiltonian system controller

Through some linear transformation, it can be deduced that the linear system (2.20) is immersed
into (equivalent to) another linear system :

2=z
{ (2.26)
u=Az

with r = 2n; + 1 and,

0 @
—w; 0
0 @
U = —wz 0
0 wn,
—wp, 0
A=(1 010 - 10)"
through linear transformation z = T
Tl = (A AU AU ... AUTY)T

Therefore, the immersed system (2.26) can be written in the following form :

) OH,;
<=Ji 0z
OH,;
=A
Y 0z

with J; = ¥ and H; = %sz. Thus, the internal model (2.23) can be written as a port-controller

Hamiltonian system :
. OH,;
¢ =TJin— +gie
0z
OH,;
_ TOM
- gz 32

(2.27)

U

with g; = AT.
As presented before, an error output feedback controller consists of an internal model and a sta-
bilizer. Now that we have already the internal model, we have only the stabilizer is to determine.
As a matter of fact, due to the conjugated structure of Hamiltonian system (2.25), the stabilizer
us can simply be :

us = —e (2.28)

This can be verified through the examination of the closed-loop system stability.
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2.3.3.2 System stability

The closed-loop system interconnecting the plant, the exosystem and the error output feedback
controller can be written in port-controlled Hamiltonian form :

j(w,w) g(x7w)g;r 0 R(.%',(AJ) 00 Dz g(x,w)
2 = —giglz,w)T T 0l - 0 00 o | + 0 Us
W 0 0 S 0 0 0 3;3 0

(2.29)

It can be verified that the total Hamiltonian H.: and its first order derivative fulfill the Lyaponov
energy theory.

1 1
Htot:H+Hi+Hw:H+—ZTZ+§L«)T(UZO

2
2.30)
: OTH OH (
Hiot = —y* — B R(x,w)% <0

Therefore, the designed internal model and the stabilizer controller solve the error output re-
gulation problem for Hamiltonian system (2.25). However, the designed controller can only be
applied to Hamiltonian systems with special conjugated structure as described before. It is easy
to see that the stabilizer becomes much more complex to determine without this particularity.
Therefore, the controller cannot be applied to other Hamiltonian systems straightforwardly, and
the error output regulation problem for nonlinear systems with exogenous disturbances remains
open to researchers.

2.4 Theory application

Now that we have summarized the related theories about output regulation for linear and non-
linear systems with exogenous disturbances, we attempt to apply the theory to our problem. As
mentioned in section 2.2, the disturbance to the paralleled DC-DC converters is considered as an
exogenous current input w. The objective is to control the two DC-DC converters to maintain a
constant DC voltage and more importantly, to absorb the disturbances by the ultracapacitor.

Consider the topology in Figure 2.7. The hybrid energy storage devices are connected through
two DC-DC converters in parallel. The battery is supposed to maintain the voltage in the DC
bus, and the ultracapacitor is expected to absorb the disturbances. As a result, it is possible
to consider them separately. In this way, the multi-input multi-output system is simplified into
two single-input single-output systems. Specifically, we separate the system into a battery side
converter with constant external current and an ultracapacitor side converter with exogenous
persistent disturbance.

The controller for the battery side converter can actually be solved with classic passivity-based
control method. While the problem for the ultracapacitor side converter with exogenous persistent
disturbance can be regarded as an output regulation problem for a nonlinear system with an
exogenous disturbance. Therefore, the aforementioned theories can be applied. In this section,
we first present the design of the battery side controller based on passivity-based control, and
then elaborate the output regulator design for the ultracapacitor side converter. The simulation
results are given and prove the effectiveness of the controllers.
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F1GURE 2.7 — Considered topology of the hybrid energy storage system

2.4.1 Battery side converter

The average model of the DC-DC converter can be written with Euler-Lagrange approach as the
following form :

Lle1 +quc +7’IL1 =F

. (2.31)

CVge —ulp, =w
where, I, is the current flowing through the inductor L;, Vy. is the output capacitor voltage, r
is the battery inner resistor and w is the duty cycle of control input signal for the switch.

For classical boost circuit topology, direct output voltage control is not feasible since the zero
dynamics of the system corresponding to the output voltage is unstable. The voltage regulation is
therefore implemented through indirect current control [OPNSR98]|. Fortunately, for the topology
shown in Figure 2.7, the zero dynamic analysis associated to the output voltage is stable under
certain conditions, and thus it is possible to directly control the output voltage, i.e., the DC bus
voltage. Combine equation (2.31) by eliminating I7,, one may get the following input-output
differential equation :

.. 1 . o, . E Vi .
CVie — [—— (0 — u— — CVye — 2= = 2.32
de — [ (u uLl)(w d)+uL1 uLl] w (2.32)
Let V. = Vi = 0 to obtain the zero dynamic at the desired equilibrium point V4. =V :
. u x _ -
U= —E[U2Vdc —uF — (rw+ Liw)] (2.33)

The equilibrium points for the above zero dynamics expression are :

1
2V

u=0 ; u

[E & /B2 + 4V, (e + Lid)

ﬁ [E + \/E2 + 4V (reo+ lej)} is the only point which has physical signi-

ficance. As long as the stability of this equilibrium point is guaranteed, the voltage regulation
can be achieved through direct control. A phase-plane diagram of equation (2.33) is drawn in
Figure 2.8.

Among them, u =



2.4 Theory application 41

E—y/ E244V} (ro+1@)
2V E++/ E* 44V} (ro+L1&)
c u .
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u =

hY

FIGURE 2.8 — Zero dynamic corresponding to the output voltage

As the arrows illustrate in the figure, while @ < 0, v decreases; while @ > 0, u increases. Hence,
the equilibrium point is locally stable. However, this phase-plane is true only under one condition,
that is, the denominator of equation (2.33) remains positive. It can be seen that the denominator
does not affect the value of the equilibrium points, but only affects the “dynamic process". So it
is reasonable to add a positive parameter b (b > 0) in the denominator to avoid it being zero or
negative. Thus, a direct output voltage regulation can be applied.

2.4.1.1 Passivity based control law

Rewrite the average model (2.31) as the following matrix form :

Di+ J(uw)ax+Re =& (2.34)
o=(3 D= (% §m= (s )
()0

The controller can be deduced from a copy of the system with additional damping [OvdSME02] :
Dig+ j(u)xd +Rry=E+RiT (235)

where, Ry = diag{0, p} is the damping injection term, p > 0, and x4 is an auxiliary vector
corresponding to a “desired" value for z, and & = z — x4 is the error between the state variable
and the desired value. The idea is to have the error dynamics :

Di + J(u)i + RyZ = 0 (2.36)

with Ry = R+R1 = diag{r, p} be exponentially convergent, i.e., Z — 0, with the desired storage

function : ) ) )
Hy(i) = §L1:512 + 50:522 = §~TD:E (2.37)
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Set w9 = V. and after some algebraic operations, one may find the following control algorithm :

o Vi 4 Bud rM 4+ L[4 +ua) + 8] (2:38)
LM

where, M = a1 (22 — V) + @.

In order to guarantee the stability of the controller, as explained in the previous section, a positive
parameter b is added in the denominator to avoid being divided by zero or a negative value, which
yields the following controller :

—Viu? 4+ Eu+rM+ Ly[5(©0 + uay) + @]

. 2.
v=u b+ LM (2.39)

where, @ is considered as the constant part of the external current, and thus w = 0.

2.4.1.2 Stability analysis

To verify the system stability analysis, choose the closed-loop storage function (2.37) as Lyapunov
function, and its derivative is :

Hy(%) = iDi = (=T (u)& — RqZ) = —ZR4i (2.40)
It can be seen that Hy(Z) > 0 and Hg(&) < 0 for V& # x4, and Hy = Hyg = 0 only for = = zg4.

Consequently, the closed-loop system is Lyapunov asymptotically stable.

2.4.2 Ultracapacitor side converter

The role of the ultracapacitor sider converter can be described as an “active damping". The
control objective of this converter is to absorb the persistent disturbance. For sake of simplicity,
we consider only a main harmonic component of the disturbance with frequency wg. Thus, the
exogenous current disturbance can be written as :

(ZD B (Lt?o o 0> (:;) (2.41)

The average model of the converter can be written as state space representation :

where, w € W C R2.

CVie =uwi+ plp, (2.42a)
L2jL2 = Vse — Ve (242b)
Csc‘./sc = _IL2 (2426)

where, V. is the ultracapacitor voltage and p is the duty cycle of control input signal for the
switch. The control objective is to maintain Vj. as a constant, this is equivalent to : uly, = —wy.
However, this simple expression cannot be directly taken as a control objective since there exists
the product of the system input and a state variable. Hence, it is necessary to develop an
expression which does not contain the control input and may also express the control objective.
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Multiply I, at both sides of (2.42b), substitute with (2.42a) and (2.42c) and after some mani-
pulations, one may get, at steady states :

Lol I, + CoVicVie = wi Vi, (2.43)
This is equivalent to :
d 1 d 1 d w9
Z(ZLoT? (= 2y = (W 2.44
dt(2 2 L2)+ dt(QCSC‘/SC) dt(WQ)Vdc ( )
Consequently,
—Lolf + -Cs Ve =—V,.+a (2.45)
2 2 2 wo

where, a is a constant and a = %C’SCVS% (\7;0 is the initial voltage of the ultracapacitor, and this
will be given a physical explanation below). Thus, the control objective can be achieved through
regulating the error output :

1 1 1 _
=) = (5Latt, + 3CuV2) - (2vi+ JCuV2) (2.46)

Equation (2.45) may also be directly deduced from energy conservation point of view. The “kinetic
energy" stored in the inductor is %Lg[ 22, while the “potential energy" stored in the ultracapacitor
is %C’SCV;QC. Thus, the total energy stored in the converter is the sum of the “kinetic energy" and
the “potential energy". On the other side, the disturbance energy which needs to be absorbed is
fg Vi wi(t)dt. Consider that the control objective is to absorb the disturbance by the converter,
in other words, the energy stored in the converter should be equal to the disturbance energy,
which is corresponding to equation (2.45). Then, the constant a can be understood as the initial

energy stored in the ultracapacitor.

So far, we have known the plant (2.42), error output (2.46), and the exosystem (2.41). The next
step is to find an error output regulator which asymptotically drives the system to the desired
manifold where the error converges to zero.

2.4.2.1 Desired manifold

*]T, and the path which
drives the plant to the manifold as c¢(w) = p*. These variables are functions of w, and thus the
trajectory of them is not a point, but actually a limit cycle.

We represent the states on the desired manifold as m(w) = [V, I7, Vg

Set e = 0 in equation (2.46) to get the expression of I7, and V. :
1 N 1 N wr_ ., 1 -
§L2]—L22 + 5086‘/;62 — w—OVdc —|— 5050‘/;26 (247)

Consider the general case when the amplitude of the harmonic disturbance is not extremely large,
then the right side of equation (2.47) remains non-negative. This requires that the disturbance

w satisfies : _

ﬂ > _ CSC-‘/SC

wo 2Vd*c
Then equation (2.47) is actually an expression of ellipses, which indicates that the trajectory of
I7, and Vi forms a limit cycle at steady states. Rewrite it in standard ellipse form :
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I*
(I3, V)M<VL2> =1 (2.48)
where,
S M 0
M = [ 20 Vit Coelee o
0 222V 40 V2
LAJO C

Notice that equation (2.48) describes not a static ellipse but a dynamic one, a dynamic ellipse
formed by the movement of two vectors. To be more specific, the two vectors (I}, and V) move
respectively along their axis, and the trajectory of the composite vector forms an ellipse. Thus,
the trajectory of V¥ can be written in the following form :

. w2 Vd*c

= Ve Tz
WO ScV sc
——

2y(w)

C
V* _ sc _
sc ( 2 % Vd*c + Csc‘/s%

0

NI

)~ +1)z (2.49)

From physical significance, it can be seen that 2y(w) is a sinusoidal signal and its amplitude
|2y(w)| < 1.

Thereby, it is possible to use the binominal series! to expand the expression (2.49) as a power

series. The sum of the first 3 terms of the binomial series is :

1

N1+ y(w) - 5y(w)’ (2.50)

N

(2y(w) +1)
Then, one may get the reference of ultracapacitor voltage as follow :

Ve = m(w) % Vaell 4 y() — 59()?) (251)

Thus, the trajectory of Ir,* is obtained by substituting (2.51) into (2.42c) :

I, % = mo(w) = —Cs Vi (2.52)

The desired trajectory of the control input p* is also a function of w, and may be deduced from
equation (2.42) :

t LoClyp e (2.53)
Substitute equations (2.51) into (2.53) :

p* = c(w) = i + a1wy + aswsy + azwiwy + agw? + asws (2.54)

1. The binomial series is explicitly written as :

- —1
Qo =3C)a" =14pr KBz
n=0 :

where, (1) = When |z| < 1, the series converges absolutely for any complex number p.

p!
nl(p—n)!*



2.4 Theory application 45

with constants f,a;(i =1,2---5)

P . *
B = sc/Vdc
al =
- 1 /1 _
G2 - Vse (wOCSC L2w0)
az = 0
V*
ay, = —Lo=<
4 2 CSCVSSC
1
a - —_"de (__L1  __ L
5 CseV3 (2wg Cae 2)

2.4.2.2 Internal model design

As shown in the control structure (Figure 2.6), at ideal steady state (e = 0), the internal model
is to generate the control input driving the plate to generate the desired response. Based on
proposition 2.3.3, we may calculate :

&1 = c(w)

= ap + ajwi + aws + agwiws + a4w% + (1500%
& = Lyc(w)

= —wplaiws — asw — agw% + agwg + 2(ayg — as)wiwe)
& = Lic(w)

= —wilarwi + agwy + 2(aq — as)wi — 2(as — as)wi + dagwiws]
& = Lic(w)

= wg’ [a1wy — aswy — 4a3w% + 4a3w% + 8(ag — as)wiwo)]
& = Lyc(w)

= wé[alwl + agwy + 8(ay — a5)w% — 8(ag — a5)w§ + 16a3wiws)
&6 = Loc(w)

= —wg [aqwy — agwy — 16a3w% + 16a3w§ + 32(aq — as)wiws]
After some iterative computation, it can be deduced that :
Lic(w) = —4wyLsc(w) — bwi L3c(w) (2.55)

As a result, the autonomous system {W, s, c} is immersed into a five-dimension linear system :

0O 1 0 0 0
0O 0 1 0 0

f=oc=0 0o 0o 1 o0 |¢
o 0 0 o0 1 (2.56)
0 —4dwj 0 —Hwi 0

pt="Té=(1 0 0 0 0)¢
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through the immersion mapping :

T(w) =

This is to say that the mapping c(w) (2.54) is equivalent to the linear system (2.56) via mapping
7(w). So we have found the matrices ® and T in the internal model in Figure 2.6.

2.4.2.3 Stabilizer controller design

As shown in the control structure (Figure 2.6), the stabilizer controller is used to stabilize the
interconnection of the internal model and the plant. The linear controllers allow to exam the local
stability via eigenvalues of matrices. We study the operating point (Vg = V., I1, = 0, Ve = Vi)
and set matrices :

o 0 L 0
a2 e

ox - 2 2

L7 I (Viei0:Vse) 0o - Cl 0

[Of ] v T
B=lg =(0 Y& o)

LY (V5 50,Vie)

[Oh] _
C=|— =(0 0 CsVi)

L9 ] (v 0,70

The whole system is exponentially stable if the matrix (2.24) which characterizes the closed-loop
system has all eigenvalues with negative real part. Based on this principle, parameters K, L, M
and matrix N can be found with the help of linear matrix inequality (LMI) program.

We first search for a matrix N such that the matrix :
- A BT
i-(ve %)
is stable.

This is equivalent to require :

XT=X>0
- ~ (2.57)
A X+XA<0
This can be written as :
. (0 X I
(I AY) <X o)\ i) < 0
(2.58)

(I —D(-X X) <_II> _ 92X <0
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Calling upon the lemma of simplification of matrices. The inequalities are equivalent to :

(v 3) e { (5 ) a0} <o a0

X>0

The first inequality can be explicitly written as :

0 X ATG+GTA ATGg-aT
(X o) < ¢Ti-¢ -a-qg7 )<Y (260)
Notice that
. AT 0 ct 0\ /0 NT
T _
A _<TTBT @T)+<0 0) <0 0 >
AT cT KT
We take
_(G1 Go
“= <Gs G4>
. T X1 X3 : :
and impose G3 =0, Z = N ' Gy, and X = I x ) Thus, the inequality becomes :
3 2
0 0 X; X3 GlA+ATGy ATGy+CTZ+ G| BY
0 0 XJ X N Y'BTGi+GjA+ZTC GJBY+G[@+ TG4+ TY"BTGs
X, Xy 0 0 Gl A-Gy G| BY — G,
X3 Xy 0 0 GegA+Z'C Gy BY + G| ® — Gy
ATGy -G ATGy+CTZ
Y'BG) -Gy T Y'B Gy +®'Gy—GJ “0
-G, -G e
-GJ -Gy —GJ
(2.61)

Solving the equalities with program in MATLAB gives the matrix N. Likewise, the parameters K,
L, M can be found to make the closed-loop matrix (2.24) be stable. For instance, for the given sys-
tem parameters : L;=2.5mH Ls=2.5mH C=440uF C,=3.25F V=600V Vee=100V

We may find the following controller parameters :
K = -0.5;

M =190433/2112;
L = 1/72360000;

N=(0 0 0 0001 0)'.

Calculating the eigenvalues of matrix (2.24) gives eig = {£94.244, +47.12i, —0.13 4+ 18.324, 0, 0}.
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2.4.3 Simulation and results

Now that we have considered the Battery side converter and the ultracapacitor side converter
separately and designed the controller for each side respectively, we need to combine them to-
gether so as to further verify the control performance. The combined system are tested under
MATLAB/Simulink environment. Simulation runs with the hybrid DC source model shown in
Figure 2.7. Set the initial voltage of the supercapaciter as V. = 100V and the nominal DC vol-
tage is given as V= 600V. The external current is set as I, = —2+5sin(27 ft+ 7). The other
system parameters are given in the appendix. The PBC is applied to the battery side converter.
For the ultracapacitor side converter, in order to clearly observe the effect of the regulator, an
open loop control input p = 1/6 is first applied. Then, at time ¢ = 5s, the output regulator is
switched in to obtain a contrast of the system responses under different controllers.

As shown in Figure 2.9, the simulation results are rather satisfying. As long as the error output
regulator is added, the oscillations in I7; and V. attenuate remarkably. On the other side, the
oscillation is absorbed by the supercapaciter, which leads to an increase of the amplitude of
I, and V,.. The error output signal is presented in Figure 2.10. It can be seen that at time
t = bs, the error output signal tends to converge to zero. The control inputs are given in Figure
2.11. It can be seen from the figure that when ¢ > 5s, the control input for the ultracapacitor
side converter is a sinusoidal signal. In Figure 2.12, the trajectory of states of each converter is
given respectively. It can be seen that the trajectory of the ultracapacitor side converter forms a
desired limit cycle, while the the trajectory of the battery side converter converges to a desired
equilibrium point. It has also been verified that the output regulator is robust with respect to
the system parameters.

30 . . . .
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FIGURE 2.9 — Simulation results
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FI1GURE 2.10 — Error output of the ultracapacitor side converter
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FIGURE 2.12 — Trajectory evolution for battery side converter (left : from a large closed trajectory
to a desired equilibrium point) and trajectory evolution for ultracapacitor side converter (right :
from a small closed trajectory to a desired limit cycle)

2.5 Conclusions

In this chapter, we have analyzed the battery/ultracapacitor hybrid energy storage system in
hybrid electric vehicles. In previous studies, the PMSM is controlled to compensate the torque
ripples generated by the internal combustion engine. During this process, the influence to the
hybrid energy storage system is concerned as exogenous current disturbances. In order to reject
the disturbances, we attempt to apply an output regulation theory. The output regulation theory
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for nonlinear systems is extended from the theories for linear systems. We have summarized the
main results of the related theories and applied to solve our problem. The disturbance rejection
task is assigned to the ultracapacitor, and the battery is expected to maintain the DC voltage.
Therefore, a classical passivity-based controller is designed for the battery side converter, while
the ultracapacitor side converter is developed based on the elaborated output regulation theory.
The simulation results have shown the effectiveness of the controllers. However, there still exist
some drawbacks of the control algorithms. First of all, due to the limit of the control method, we
have only take the sinusoidal disturbance into consideration. The control stabilizer is not easy to
apply in the case of transient disturbance. Besides, in the theoretical analysis, the system reaches
a local critical stability, because there are eigenvalues of the closed-loop characterized matrix on
the imaginary axis. This is not ideal in reality. Furthermore, we solve the problem by separating
the battery side and the ultracapacitor side converters and considering them independently. This
is actually based on the assumption that the battery alone is able to supply a constant DC
voltage. However, this is not always the case. Moreover, in our system model, we consider the
ultracapacitor as an ideal capacitor without considering the losses, which is not comprehensive
neither. Consequently, in the next chapter, we will consider the paralleled battery /ultracapacitor
system as a whole and take the self-discharge of the ultracapacitor into consideration, and we
will develop controllers for the disturbed system with another advanced control strategy.
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3.1 Introduction

In the last chapter, we have summarized the control objective of the hybrid energy storage
system. The main target is to control the ultracapacitor to absorb the current disturbances in
the DC bus introduced in the process of torque ripples compensation. This is equivalent to design
an "active damping" which attenuates the amplitude of oscillations. Based on this idea, we have
considered the ultracapacitor side converter separately and considered the external current as an
exogenous signal generated by an exosystem. We have solved the problem via a designed error
output feedback regulator. The error output regulation theories for linear and nonlinear and
PCH systems as well have been reviewed in the last chapter. However, due to some drawbacks
of the control method, it is not advantageous to apply the designed controller in the reality.

In this chapter, we take the whole hybrid energy storage system into consideration and analyze
the rate of motion of different variables and design a cascade control structure. The whole system
is therefore a four-dimensional nonlinear PCH system. We will review in the following sections
the classical PCH models and divide the models into control-affine and control-nonaffine PCH
systems. Moreover, we will review the most prevailing control method for PCH system, that is
interconnection and damping assignment passivity based control. The control method aims to
preserve the Hamiltonian form of the system and requires the system designer to redesign the
interconnection matrix and damping matrix, and meanwhile preserve the system passivity. Fin-
ding such a controller for control-affine PCH systems is relatively simple. Usually, it is enough
to solve some analytical equations. However, the problem for control-nonaffine PCH systems is
much more complex, usually we need to solve several partial differential equations. The pro-
blem gets more complex when the system order increases and the number of partial differential
equations increases.

Our studied system is identified as a control-nonaffine PCH system. Due to the complexity
and difficulty of solving such a problem with traditional method that solves partial differential
equations, we attempt to transform the system into a degenerated system where the system order
is less than the original one. This is based on the singular perturbation theory (Kokotovic 1986,
Khalil 1996). And thus, the system is separated into a fast system and a slow system. On the
other hand, our control objective is to maintain a constant voltage in the DC bus and absorb
the exogenous perturbed current by the ultracapacitor while maintaining its voltage oscillating
around a given value. We may first consider the system without the exogenous current and define
the solution as a static solution, and then we consider the perturbed system and define the
solution as a dynamic solution. Then, the essence of our control method is, through a cascade
control structure, to drive the slow system to the static solution and impose the fast system
converge to the dynamic solution. The simulation results will be presented at the end of the
chapter to verify the effectiveness of the control algorithm.

3.2 System Modeling

Herein, we take the system losses and the ultracapacitor inner resistor into consideration. The
new system model is given in Figure 3.1.
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].—’LL1 1—U2
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F1GURE 3.1 — Topology of electrical DC part

3.2.1 Average model

From Kirchoff’s law, the average model of the power converters can be written as the following

form : )
LI, = E—u1Vg

LQng - ‘/sc - UZVdc

. V.
Cvdc = Iea: - % + u1[L1 + UZILQ (31)
. V.
CoVie = —Ip, — ¢
scVsc 5 R..

where, I7,, and Iy, are respectively the currents going through the inductors L; and Lo ; V. is
the DC bus voltage and V. is the supercapacitor voltage. uy, us € [0, 1] are the duty cycles of the
control input signals for switches S1 and S3 respectively. S1 and S2 are complementary switches,
S3 and S4 are likewise. The resistor R, is introduced to represent the self-discharging in the
ultracapacitor, and the resistor R is introduced to represent the rest total loss in the circuit.
I., = wy is the exogenous current.

By defining © = | LIy, Lolp, CVi CscVie
following form :

]T, the average model can be rewritten in the

i1 =E — ulx—c?’ (3.2a)
fy = —uz s + 54 (3.2b)
igzwl—;—é+u1%+uQ§—z (3.2c)
R an

3.2.2 Hamiltonian modeling

As a matter of fact, Hamiltonian modeling is mainly applied in mechanical systems [OPNSR98].
In electrical domain, Hamiltonian modeling cannot cover all electrical systems, but can be ex-
tended to power electronic circuits, and build a port-controlled Hamiltonian (PCH) model. Each
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electrical element in the circuit is considered as an electrical port. The current through the port
is represented as a flow f, and the voltage as an effort e correspondingly. In a RLC circuit,the
flow f, and the effort e, for a resistor is given by e, = Rf,. The flow f; and the effort ¢; for
a inductor is given by f; = ¢;/L;e; = & (¢; is the flux). The flow f. and the effort e. for a
capacitor is given by f. = ¢e;ec = G/C (qc is the charge). Thus, the magnetic energy in an
inductor is identified as V = ¢;/2L, and the electric energy in a capacitor is then T = ¢2/2C.
The Hamiltonian refers to the total energy of the system. Thus, in a LC circuit, the Hamiltonian
is the sum the electric energy and the magnetic energy H =V + T = ¢7/2L + ¢2/2C, and thus
is a quadratic function.

The Hamiltonian modeling approach considers the energy conserving LC network and writes the
relation between the LC ports and other ports in the circuit. Consider our electric power system
shown in Figure 3.1, the Hamiltonian is the total energy of the LC network :

1

_ _ 1 2 1 2 2
H_V+T_2L1¢LL+QL2¢L2+ qc—l-

20 20, "Cse

The relation between the LC ports and the other ports can be written as :

oL, 0 0 -1 0\ (% B
b, | _ [0 0 —1 1|2 Lo
o | |1t 1 0 o % w
7 _1 q Ssc
qc.. 0 0 O g_sc 0
0 -1 0
0 0 0
+ -1 (_f31)+ 0 (_633)+ -1 (_fR)
0 0 0
0
0 -1 0
+ -1 (_fSQ) + 0 (_654) + 0 (_fRsc)
0 0 -1

The flow and the effort variables satisfy the following relations :

fs — e, = %
1 L17 3 C’
¢L2 qc

=u Deg, = Up—;
fso T, 54 2 G
_ ¢, _ _9Cs

fR_ CR’ fRsc CscRsc.

Setting the state coordinate = = (¢, ¢r1, qc qc,.) ', then the gradient of the Hamiltonian is :

OH(x)  (d1, d1, dc dc.) |
8$ L1 L2 C Csc

Therefore, the Hamiltonian model of our system can be rewritten in the following form :

D | g 3.3)

& =[J(u) = R]
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with
0 0 —u 0 000 0
o 0 w1 oo o0 o0
TW=1uw w 0o of B oo L o
1
0 -1 0 0 00 0 7
g(w):(EOwl 0)—r
1

00 0

1o 0o A 0 0

0 0 0 &

where, J(u) = —J(u)" and R = RT > 0. H(z) is a quadratic function of 2. It can be seen that
the Hamiltonian model (3.3) is equivalent to the average model (3.2).

3.3 Control strategies

3.3.1 Port-controlled Hamiltonian systems

We remind here the general form of a PCH system [SS99] is represented as :

D)+ gy (3.4)
where, the state variable x € R", and the input u € R™(m < n). The matrix J(z) = —J(x)" is
skew-symmetric reflecting the interconnections of the system states. The matrix R(z) = R(z) " >
0 represents the intrinsic system damping. H(x) is the total energy of the system. It can be
seen that the control input appears linearly with respect to the states. Hence, we may define the
system having this form a control-affine PCH system. This form is applicable for most mechanical
systems. However, for electrical systems, it is not always the case.

It can be seen that in our system (3.3) the control input is included in the matrix J(u). In other
words, the control action has an effect in the interconnection structure. As a matter of fact,
this is a common form for switch-included power electric systems where the duty cycles of the
PWM driving the switches decide the ratio of the currents (and voltages) before and after the
switches [OvdSMEOQ2|. Hence, we may call the systems having the following form :

OH(x)
ox

a control-nonaffine PCH system, where the control input is included in the interconnection struc-
ture J(x,u), and J(x,u) = —J(z,u)". Being different from control-affine PCH system where
the control input is excluded from the interconnection structure, the dual relation of the control
inputs and the states makes the system more complex. Even so, this form is more general and
applicable for more systems. Finding a stable controller for such a system has attracted numerous
reserchers in the related domain.

&= [J(x,u) = R(z)] +9(x, u) (3.5)
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3.3.2 Passivity-based control

A quite powerful technique being applied to design effective and robust controllers for PCH
systems is interconnection and damping assignment passivity-based control (IDA-PBC) [OGC04].
It aims to conserve the system passivity through interconnection and damping assignment.

Consider a PCH system (3.4) or (3.5). We suppose that there exist an energy function 4 and

matrices, Jy (Ju = —J; ), Ra (Ra = R}), and the control input u = B(z) such that the
closed-loop system with control input preserves PCH structure and takes the following form :

OHa(z)
Ox
where, H4(x) is the closed-loop energy having a strict (local) minimum at the desired equilibrium

point z* € R™.

& = [Ja(x) = Ra()]

(3.6)

Then we have

B OHq(x) R OHq(x)
ox T o

We choose Hy as a Lyapunov function, then we obtain immediately the asymptotic stability of
the closed-loop system by calling upon Lasalle’s invariance principle.

Hy = <0 (3.7)

This concept of IDA-PBC provides an effective approach to find the control input and meanwhile
guarantees the system stability. It is relatively easy to find such a controller for a control-affine
system (3.4). Generally, we may assign a desired interconnection structure Jy(x) and inject a
damping in the damping matrix R4(z). Thus, the control input S(x) may be obtained by solving
algebraic equation as follow :

60) = o) o)) 9" |(te) - R) T~ (700) - )

OH(x)
— 3.8

o (3.8)
However, finding such a controller for a control-nonaffine system (3.5) is much more complex.
It is not possible to find S(z) via solving algebraic equations. A classical procedure is to set a

vector function K(z) [OvdSME02] :

B OHy(x)
K(z) = D
with H,(x) = Hgy(z) — H(z) and thus from (3.5) and (3.6), we obtain :

940, 5(0) - Rl K(a) = = |(Thl2) = Ra(a)) T2 + g, 5(0)

where, J,(x) = Jy(z, B(z)) — J(z) and R, = Ry(z) — R(x).
Referring to the poincare Lemme, K (x) is the gradient of a scalar function if and only if
0K oK 1"
()

o0 = [ow

Thus, we obtain a series of partial differential equations (PDE). Solving these equations provides
a way to find the control input. However, it is rather difficult to solve these PDE and to find an
analytical solution, especially when the system is a high dimensional system.
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Therefore, we propose to simplify our studied system by reducing the system order. This can be
achieved through singular perturbation theories [KG02].

3.3.3 Singular perturbation theories

We consider the so-called standard singular perturbation model [KG02] :

= f(t,x,z,¢)

3.9
ez =g(t,x,z,¢) (3:9)

where, x € R™ and z € R™. Setting ¢ = 0 causes a fundamental and abrupt change in the dyna-
mics properties of the system, as the second differential equation degenerates into an algebraic
equation :

0=g(t,z,z,0) (3.10)

Thus, the singular perturbation causes a discontinuity in the system solutions. The essence of the
singular perturbation method is a multi-time-scale approach that analyses the system in separate
time scales. The small positive parameter € may be a homogeneously small time constant. Thus,
the second differential equation tends towards its static solution in a very rapid rate, and the
static solution is the solution of the algebraic equation (3.10).

In the solutions of equation (3.10), if there exist k(k > 1) real roots :
z=hi(t,z) 1=1,2,---,k (3.11)

then, it is assured that corresponding to each root of (3.10) the original n + m dimensional
system can be reduced into a n dimensional system via injecting the roots (3.11) into the first
differential equation of (3.9). Thus the reduced model is written as :

& = f(t,z,h(t,x),0) (3.12)

For each stable root of (3.10), calling upon the Tychonoff’s theorem, the solutions of the original
system (3.9) approaches the ones of the reduced system (3.12). The reduced model (3.12) is also
known as a slow model, in contrast to the second differential equation which converges rapidly
to its static solution.

3.4 Controller design

3.4.1 Static and dynamic solutions

We remind here that our control objective is to maintain a constant voltage in the DC bus. This
corresponds to a constant x3 at steady state. On the other hand, we aim to absorb the distur-
bances by the ultracapacitor and maintain its voltage oscillating around a certain value. We first
disregard the current disturbances and consider the case when there is no external disturbance
(model (3.2) with w; = @;). We define the solutions of this problem as static solutions, repre-
sented as T, where, T3 and Z4 are known references which correspond to the desired DC voltage
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and the ultracapacitor voltage. Moreover we represent the error between the state variables and
the static solutions as Z. By letting & = 0, we may obtain the static solutions as follows :

Ly, 7% Z3 T3
T = (=3 — 20 +
E (R02 C RSCCgc) (3.13)
_ Ly _
Xro = — Ty
RSCCSC
The control inputs generate the system response 7 is :
C
U =—F
T3
. C (3.14)
U = p
Csc zs3

Now, we take the external disturbance into consideration. We first consider a typical fixed-
frequency sinusoidal disturbance, and then we may extend the design idea and the control method
to the general cases where the external perturbed current is either persistent or transient. At
steady state, we aim to have a constant DC voltage and a smooth battery current, while absorbing
the disturbance by the ultracapacitor side converter. We define the solutions that achieve the
control objective as dynamic solutions and represent the desired trajectories of state variables
as «*. Now that the perturbed current is a periodical sinusoidal signal, then, this means that we
want z] and x3 to be constant, whereas x5 and z} to form a periodic orbit. In order to achieve
a stable orbit, x5 and xj are supposed to form a stable limit cycle at steady states. Therefore,
let the desired trajectories 2] = Z1, 25 = 23 and x5 = Ta + T2, ¥} = T4 + 24, where, £3 and 24
are limit cycles around zero, which represent the differences between the desired trajectories and
the mean values.

Herein, for sake of clarity, we list the foregoing various symbols with their representations as
follows :

x  state variables;

T  static solutions of the average model, equilibrium point ;
T  static errors, z =x — T;

x* dynamic solutions, desired trajectories of state variables;
z  limit cycles, £ = x* — .

If we could drive the system to the equilibrium point and then force it to operate along the
desired trajectory, then we could achieve our control objective. There remains two key points to
consider : how to force the system to operate as we want and what are the desired trajectories.
The first point is achieved through a cascade control structure and will be elaborated in the next
section. For the second point, it is easy to find the static solutions where the system alone is not
perturbed, it is simply an equilibrium point. When the system is perturbed, we want the desired
trajectories (z3 and z}) to be periodical signals. We may conceptually identify them as limit
cycles, but it is not easy to write it in analytical forms. Therefore, similar with the procedure
in the last chapter, we consider from an energy point of view and write an approximation form
of the desired trajectories. In the control structure, the desired trajectory is generated from an
isolated block named internal model. The algorithm in the internal model will also be presented
in the following section.
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3.4.2 Cascade control structure

The control idea is based on the decomposition of the system into a slow model and a fast
model. The essence is to force an outer slow loop to maintain the system operating around the
equilibrium point and impose the dynamic to the system through an inner fast loop, so as to drive
the system operating along the desired trajectory. The control structure of the power converters
is shown in Figure 3.2.

T

_ ~ w
x - L
Lot PBC )

controller Vs Power
‘f‘37'f4

5 nverter:

Internal F Loy PI uy | converters

Wi _| model 9 = controller
Z2

F1GURE 3.2 — Control structure of the power converters

The ultracapacitor side current feedback control (corresponding to xo control) is chosen as the
inner fast loop. This is bases on the following two considerations. On one hand, since the control
objective is to absorb the fast high frequency disturbance by the ultracapacitor side converter,
the motion rates of the current and the voltage on the ultracapacitor side are supposed to be
much faster than the ones on the battery side. On the other hand, for the ultracapacitor side
converter, due to the different time scales between the ultracapacitor voltage and the inductor
current, the motion rate of the current is much faster than the motion rate of the voltage.

Therefore, based on the singular perturbation theory, the control problem can be solved by using
a cascaded control structure with two control loops : an inner fast control loop and an outer slow
control loop.

3.4.2.1 Inner fast loop

To control 5, the inner fast PI controller can be simply designed as follow ' :
s = ky(a — w3) + ki /(x; ~ ) (3.15)

where, k, and k; are the gains of the proportional term and the integral term.

1. We remark here : [z is short for fg x(s)ds
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3.4.2.2 Outer slow loop

We rewrite the system model (3.2) :

Setting @2 = 0, we obtain

. T3
X :E—ul—

C
Ty T2

T L1 L2
T3 = w1 RC+ulLl+u2L2

. €2 T4
Ty = —— —
L2 RscCsc
. €3 T4
Tg = —Uug— +
C Oy
C Ty
ug = —
Csc T3

(3.16)

(3.17)

This implies that after transient, the current is supposed to converge to its static reference,
i.e., x9 — To, and the control input wus is (3.17). The reduced model can then be deduced by

substituting (3.17) into equations (3.16), and replacing the state zo by va.

) T
Ir = FE — ulg
. T3 X3 n €1 Czs v
T =W — —— — —— 4+ uy— —=
ST RC T RC T MLy T Ces Ly
. U2 T4
Ty =———
: L2 Rsccsc

(3.18)

Thus, the original four-dimensional system is degenerated into a three-dimensional slow model.
This model holds as long as the dynamics of the outer loop is slower than the internal dynamics
of the current loop (3.15). With this model, we aim to design an outer slow loop which drives the
system to the equilibrium point. Therefore, we consider the Hamiltonian form of the slow model
in terms of the error dynamic, and design a controller through interconnection and damping

assignment.

The reduced model (3.18) can be written in terms of error dynamics :

- X

(L‘1=E—U,163

. 3 . z3 ot Cxs v

Tg = —— 0] — —— + U — =
37 TR T T RC T ML, T Caprrs Lo
- T4 V2 Ty

Ty =—F——— — —

Thus, we obtain a new PCH system :

: OH
i = (7 - R)G + glau)

(3.19)

(3.20)
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with
000 00 0
J=100 0| R=|0 £ 0
000 0 0
E—ulc
— T Cxy vo
g(x’u): wl_%_}—ulf_ll_{_csclﬁz
V2 T4
_L_Q_RSCCSC
I S S S
@) =5+ 555+ 50 T

The desired error dynamic in terms of the desired storage function H,4 is [OGCO04] :

OH
&= (Ji—Ra) 8~d (3.21)
where,
1 1 1
3.22
Ha=5p 1+ 5675+ 50T (3.22)
Jy is a skew-symmetry matrix (J, 4, = —Ja) and Ry is a positive semi-definiteness matrix. We

define the matrices J; and R, as the following forms :

0 J1 Jo r. 0 0
Ja=1-7 0 g3, Rg=10 7o 0
—J2 —Jjz3 O 0 0 73

The main idea is to design the interconnection matrix J; and the damping matrix R4, such that
the dynamic error model (3.19) can be written in the desired error form (3.21). Matching the
two models leads to the following equations :

3 T T3 . T4
E—wu2=—p 2L

UIC 7“1L +J10+J2CSC
T3 T Cxy v L T 1 T3 . T4
TR T T Coas o lel (gl TG,
1)2 T4 X . -i'?, 1 i’4

= 2 Sty 4 (s

RSCCSC ] L j C ( RSC ) CSC

If we could find the coefficients j; (i = 1,2,3) and r; (i = 1,2,3) satisfying the matching
equations above, then the system converges asymptotically to the equilibrium point. Choose Hy
as a Lyapunov function, then

OHa, 1., OHa
— <
ox ] Ra ox 0

Calling upon the La Salle’s invariance principle, the asymptotic stability of the closed-loop system
is satisfied.

Ha(E) = —[5-

We may deduce from the matching equations that :
CFE C [ S R S }

u = + r— = fis 2
max{x& x3min} mam{xg, x3min} Ll C Csc

(3.23)

T T 1 x4
=L L ] —
V2 2RscCsc + Lo J2L + J3 C 2+ (r3 Rsc)Csc:|
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Herein, considering of the system security, we add x3,,;, corresponding to the minimum value of
the DC bus voltage which needs to be defined. If the DC bus voltage reduces below this value,
then the algorithm can no longer to used so as to avoid the overflow of u;. Choosing r = ﬁ ;
=% — Wlsc; ry = Wlsc and j1 = —rg; jo = r1; j3 = r3, which satisfy the first and the third
matching equations, we obtain the following non-linear control algorithm :

CE C .
Uy = + v
max{xg, x3min} max{xg, x3min} (3 24)
LoTy 4 Lod -
Vg = — 2U
RSCCSC
with
N T . I3 . Ty
V=r1— — J1— —
1L1 J1 C J2 C..

It can be seen from the structure of the controllers (3.24) that they are the sum of two parts. The
first part is associated to the desired open-loop duty cycle, while the second part is proportional-
like error feed-back control. If we could find the coefficients such that the second matching
equation is satisfied and that the controllers show good dynamic performance, then we may
fix the controllers. However, from physical consideration and experimental analysis, due to the
inherent relation between the coefficients and the system nature damping, it is not easy to find
such controllers because the coefficients cannot be large enough to guarantee a good dynamic
performance.

Therefore, we consider to add some integral terms to improve the dynamic performance. With
regard to this, we introduce new states [ Z1, [ &3, [ Z4. Then, the new system is written as :

() = (Cp s)wmes (5:7) .

with

0 O 0 Ly 0O 0
R=|0 5 0| D=0 C 0
0 0 7= 0 0 Cs

E—ulx—éi’
- _ - T Cxyq w2
g(x7x)?}: wl_%+u1%+csc$3L_2

_ V2 %4

L2 Rsccsc

SYLUET U ST ) SR N P Y P
7-[(90)—2L1x1+20x3+2086x4+2L1( 71) —1—20( Z3) +2C'sc( T4)

Similarly, we want that the desired error dynamics be written in terms of the desired Hamiltonian
form :

(fji> = (Ja— Rd)% (3.26)

with J; = —jj and R4 being positive definite matrix. Thus, we explicitly write the matrices
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with coefficients j;(i = 1,2,3), (i =1,2,3) and ¢;(i = 1,2,--- ,6) as follows :

0 j1 720 00
-1 0 J3:0 00
_ | . d2 —4s. 030 0 O
Ji= 70770 0 00 0
0 0 0:0 0 O
0 0 0:000
T 0 0 éCl Cy C3
0 T9 0 ECQ Cq4 Ch
0 0 T3 563 Cs5 Cg
Ra = “L; 0 0 10 0 0
0 —-C 0 0 0 0
0 0 —Cs!0 0 0

Matching the system (3.25) and (3.26) leads to the following controller form :

CE I C 1‘1 1‘3 i‘ 4 / + / + / i’4]
U = 1~ 2 C1 Co | = TC3
max{xg, x?’min} max{x& x?’min} L j C ] Csc Ll Csc

T T 1
=L L o =
V2 2RSCCSC+ 2[J2L +J3C+( R )C +03/L1+C5/ +C6/ Sc]
(3.27)

By writing the desired error dynamic as the form (3.26), we loose the property that the damping
matrix Ry has and only has positive values on the diagonal. Consequently, it becomes complex
to determine the sign of the derivative of the Hamiltonian (3.28).

o (OHa\ s Oy 87-td oMy My
wae = () i= (% - <—> Raos

0T
Hence, we cannot exam the closed-loop stability through Lyapunov method and guarantee the
asymptotic stability via LaSalle’s invariance principle. Alternatively, we notice that the desired
error dynamic (3.26) is also a linear system. Therefore, the stability of the closed-loop system
can be verified through classical linear theories. Rewrite (3.26) as a standard linear form :

) (T — Ry (3.28)

r=Az (3.29)
with )
_re J1 J2 I c1 _Ct2 _ .3
L1 C Gsc | L1 C Cse
_ T2 Js 1 _ ¢ _ ¢ _ G
Ly C Cse Ly Cse
_J2  _J3 _ T3 | € _ ¢ _ Ce
A= U 7 I [, C_s.c__:____[_/l ______ (O Csc
1 0 0O + 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

being the characterized matrix of closed-loop system. Hence, if we could find the coefficients
Ji(i = 1,2,3), ri(i = 1,2,3) and ¢;(: = 1,2,---,6) making all the eigenvalues of matrix A
located on the left side of the complex plan, then the closed-loop stability can be guaranteed.



64 Hybrid battery/ultracapacitor control structure design

In order to find the coefficients, we analyze the desired error dynamic (3.26) in frequency domain.
After Laplace transformation, (3.26) becomes :

(L182 +7r1s+ Cl)jl = Ll(—% + %S)fg + Ll(—g—i + C]ics)le
(Cs® + 795 + c4)F3 = C’(—c—2 - j—ls)il +C(— S 4 J3 $)T4 (3.30)
L I, Cse  Csc

s
- ¢ 2\~ c 3\~
(CSCSQ + r38 + CG)(L’4 = CSC(—L—?; —+ 2—218).%'1 + CSC(—EES — .]638).%'3

Thus, we obtain a series of transfer functions of multi-variable systems. For each input and output,
it is a second order system with a zero. We may therefore, define the coefficients based on the
physical consideration and the response characteristics of second order systems. Specifically, we
may determinate the coefficients in the denominator by locating the poles, which gives the pairs
(ri,c1), (r2,cq), (r3,c6), and then, we choose proper gains and zeros, which gives the coefficients
in the nominator co, c3, c5 and j1, jo, j3.

Consider a second order system in series with a proportional and derivative term :

w2(rs+1)
$2 + 28w s + w2

H(s) = (3.31)
where, the damping ratio £ decides the dynamic of the step response. Whenever £ > 0, the system
converges at steady state. When £ > 1, the system converges exponentially, and the system can
be regarded as a series connection of two inertial elements with different time constants 77 and
Ty, (Ty > Ty). Thus, the system becomes :

_ w2(rs+1)
H) = @5+ D)Tos + 1) (3:32)

The two poles p; and po

1
plz__:_wnf"i‘wn\/é?_l

T
1
pZZ_EZ_wnf_wn\/é?_l

For a second order system without zero, the time response of a step input f(¢) =1 is:

ho(t) =1— b2 eP1t 4 P1L__ opot
b2 —p1 P2 —p1

For a second order system with zero, the step response is :
h(t) = ho(t) + Tho(t)

Therefore, the values of the poles and the zeros decide the speed of the response. When the
damping ratio £ > 1, the poles are on the real axis, and the system converges exponentially. The
further the negative poles are from the imaginary axis, the faster the system responses. Moreover,
the closer the zero is from the imaginary axis, the faster the system responses.
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Thus, we may choose the coefficients according to these properties and the circuit inherent
physical characteristics. For instance, £ which corresponds to the battery side current is related
much more to the DC bus voltage which corresponds to Z3 than the ultracapacitor voltage which
corresponds to Z4. This is to say, for the input-output Z; — I3 system, the poles could be
negative and far away from the imaginary axis. While, for the input-output 4 — &1 system, the
poles could be negative and very close to the imaginary axis. For instance, after some theoretical
analysis and simulation tests, we may find the coefficients as follows :

j1=3.25; jp=0.01; j3=1.18x1075;
ry = 8.5; ro = 0.18; r3 = 2.11;

c1 = 1800; ¢o = 50; c3 =0;
cy = 2.12;  c5 =0 cg = 0.3413;

when the system parameters are chosen as :
L1 =10mH Ls=10mH C =325F (4 = 3850ul

Thus, the determinant of Ry is det(R4) = 0.056 > 0. The closed-loop matrix A is :

-850 844.1 0,003 —18000 —12987 0
—325 47 364 x107% —5000 —550 0
-1 —0,003 —0.65 0 0 —0.105
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

The eigenvalues of A are :
{—439 + 534i, —13.09, —5.44, —0.35, —0.30}

all on the left side of the complex plan, and thus guarantee the stability of the controlled closed-
loop.

3.4.3 Internal model design

As shown in the control structure (Figure 3.2), the internal model is to calculate &5 so as to
get the desired trajectory x5 for the inner fast loop. In order to realize the inner current control
(3.15), it is necessary to have x3. As vy tends towards T when @w; — 0, it remains to get Zo.

For a Hamiltonian system (3.3), reprinted in a general form (3.33) :
i = [T (u) — R|VH(z) + g(w) (3.33a)
H(z) = %xTQx (3.33b)
From (3.33a), we may obtain :
VH(z) @ = VH(@) " {[T(u) — R] VH(z) + g(w)}
= —VH(z) " RVH(z) + VH(z) g(w)
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From (3.33b), we may obtain :
VH(z) & =2Qx" i
Thus, it is easy to get :
2Qx & = —VH(z) RVH(z) + VH(z) " g(w)
d
Q- (

Integrating at both sides of the equation, we obtain :

z'x) = —VH(x) RVH(x) + VH(z) g(w)

Qz'x) = / VH(x) " RVH(x / VH(x) " g(w) + cte (3.34)

where, cte is a constant. It can be seen that (3.34) expresses the energy conservation law. The
left side is the total energy stored in the system, the first term on the right side is the energy
dissipation, the second term is the energy supplied by the exosystem, and thus the constant cte
is the initial energy in the system :

Qz"x) / VH(x)"RVH(z / VH(x + H[z(0)] (3.35)
—— ——
stored energy initial energy
dissipated energy supplied energy

Hence, the state references can be deduced based on the energy expression (3.35).

Back to our specific case, the control objective is to absorb the fast disturbance @w; by the
ultracapacitor side converter, this is to say that we want the current disturbance &; to go through
the ultracapacitor side converter. This is equivalent to w; = _UQJ%'

In order to get the desired trajectories of the system states, multiply 7 12 at both sides of (3.2b),
substitute with (3.2a) and (3.2c) and after some manipulations, we get when z3 = T3 :

1 1 fg _xf
Lz Todo + Cscx4x4 w1y RscC (3.36)
This is equivalent to :
d 1 9 d 1 2 . 3 (L’4
—(=— —(—— 3.37
e )t aae ™) =9 T Rz (8:37)

Integrating both sides of the equation with respect to ¢, we get the following energy equation :

S I R A H[z(0)] + /ta; 8 0t (3.38)
20,72 20, o R..C2 - o C '

——
stored energy in UC dissipated energy in UC initial energy  supplied energy

where, H[x(0)] is a constant which represents the initial energy stored in the ultracapacitor side
converter. Notice that ﬁx% + ﬁxﬁ is actually the total stored energy in the ultracapacitor

side converter (the sum of the “kinetic energy" stored in the inductor T% and the “potential

energy" stored in the ultracapacitor ﬁxi . fo ﬁdt is the dissipated energy consumed by

the resistor, and fo w1 @dt can be explained as the disturbance energy in the DC bus.

H(z(0)] Loy L2y "] dt
T = —7 — 7
2L2 2 2Csc 4 0 RSCCS2€
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Eliminating Zo by substituting with (3.13), we get :

Hr(0)] = (2 4 2 )2+/t i
! a QRgcCSQC 2Csc " 0 Rsccgc
Substituting into (3.38), we get :
2 2 t = 2 _ =2
.%'2 1’4 L2 1 _9 -~ .%'3 .%'4 - 1’4
— = - — dt :
o1, 20, - Gmez tae,) /0 (“1 C RSCCS26> (3.39)
Consequently, the desired trajectory can be deduced from :
Tk 2 Tk 2 L 1
TR PR B
2L9 2C, 2R2.C%, 20
5 )I;’ . (3.40)
) xy z3
- — dt
+/0 (CUI C Rsccsc >

It is not easy to write analytical forms of 25 and x. Herein, we propose a novel algorithm to
obtain an approximation of the solution.

From physical point of view, (H + W) is supposed to be positive, then we may obtain an ellipse
expression as follow :

1
2Ly(H + W)

*)2 1 *\2
(23) +m($4) =1 (3.41)

Thus, the desired trajectory xj is the trajectory along the axis :

9071 = [QCSC(H + W)]
(3.42)

=
| %1 Nl
=

= (20H)*(1+ =)

S

Applying the binominal series? to get an approximation of the desired trajectory z; as follow :

- 1 . 1 -
P = V20 H( + —=W — —W? 3.43
e (1+ 2H 8H?2 ) (343)

the first derivative is :

— 1 = 1 ~ =

=%

2. The binomial series is explicitly written as :

(142)”

> -1
Z(ﬁ)l’"=1+pw+p(p2| Jo? 4.
n=0 )

where, (1) = When |z| < 1, the series converges absolutely for any complex number p.

p!
nl(p—n)!*
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then, the desired trajectory z3 can be deduced from (3.2d) :

) Loxj
xh = —Lot) — 3.45
2 2 4 RSCCSC ( )
thus, we obtain 9 as follow :
_ Loty
To=a4 — X Lod 3.46
2 =I5 — To 281~ por (3.46)

Notice that when Rs. — oo, the expression of the desired trajectory can be simplified as an
analytical form.

3.5 Simulation results

The effectiveness of the control algorithm is verified through simulation. The controller is applied
to the system shown in Figure 3.1. The system parameters are given as follows :

Ly = 25mH,; R = 100€2; C = 440ufF;
Ly = 25mH; }_Esc = 1KQ; Qsc = 3.25F;
E = 100V Vie = 600V, Vse = 400V,

The exogenous disturbance is first set as a sinusoidal signal with fundamental frequency 7.5H z
(corresponds to a rotation speed 47.1rad/s on the crankshaft). Figure 3.3 gives the simulation
results. In order to see clearly the effectiveness of the designed controller, an ordinary cascade
control algorithm without considering disturbance rejection (Z5 is set to zero) is first applied to
the DC-DC converters, and then the control algorithm designed in this chapter is applied at time
t = 5s. It can be seen from the figure that the external sinusoidal current leads to unwanted os-
cillations in the DC bus voltage and the battery current. When the designed controller is added,
the amplitude of these oscillations are significantly reduced. On the contrary, the oscillations in
the ultracapacitor side converter are increased, which implies that the disturbance is success-
fully absorbed by the ultracapacitor side converter. Moreover, the ultracapacitor voltage remains
around it nominal state of charge (400V). Figure 3.4 gives the frequency spectrum analysis of
the current in the ultracapacitor side converter. It is clear in the figure that the signal contains
a harmonic of 7.5H z, and the amplitude of the harmonic obviously increases when the designed
controller is added.

Similar comparison is presented in Figure 3.5. The exogenous disturbance is set as a persistent
disturbance with three harmonics (7.5H z,15H z and 22.5H z). Similar with the system responses
with sinusoidal disturbance, when the designed disturbance rejection algorithm is switched on at
t = bs, the oscillations in the battery side converter obviously reduce, while the oscillations in the
ultracapacitor side converter significantly increase. A frequency spectrum analysis of the current
Ir,, is shown in Figure 3.6. The current effectively absorbs the three harmonics. Moreover, the
DC bus voltage the ultracapacitor voltage remains around their nominal values.

The next step is to test the control algorithm when there are step variations in the external
current. To achieve this, a step signal plus a sinusoidal harmonic is set as the exogenous current.
In the control algorithm, @; and w; are obtained by using a band-pass filter and a low-pass
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FIGURE 3.3 — Simulation results with sinusoidal current disturbance (From top to bottom : ex-
ternal current, current through L1, voltage in the DC bus, current through Lo and ultracapacitor
voltage)
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FIGURE 3.4 — Spectrum analysis of the current through Lo with (right) and without (left) the
control algorithm

filter shown in Figure 3.7. Choosing the cut-off frequency of the low-pass filter as 5rad/s, and
the cut-off frequency of the band-pass filter between 5rad/s and 1000rad/s, the outputs of the
filters, i and @y, are given in Figure 3.8. Figure 3.9 shows the simulation results. Similarly, in
order to see clearly the effectiveness of the designed controller, a contrast of the simulation results
with and without the designed controller are presented in different colours. It can be seen from
the figure that with the designed controller, the ultracapacitor side converter effectively absorbs
the transient and sinusoidal disturbance, and more importantly, the battery current varies more
smoothly. The DC bus voltage and the ultracapacitor voltage remains around their nominal
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FIGURE 3.5 — Simulation results with three harmonic current disturbance (From top to bot-
tom : external current, current through L, voltage in the DC bus, current through Lo and
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values.

Now that we have tested the control performance of system under different exogenous distur-
bances. It can be seen clearly from the system responses that the trajectory of the states in the
ultracapacitor side converter forms a limit cycle at steady state. It is based on this fact that we
calculate the trajectory reference in section 3.4.3. Figure 3.10 shows the desired trajectories of
(Ir,, Vsc) under different exogenous disturbances. It can be seen that the limit cycle is a regular
ellipse when the external current is a regular sinusoidal signal. When the number of harmo-
nics increases, the shapes of the limit cycles become irregular but remain in the neighbourhood.
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F1GURE 3.7 — Schematic diagram of filters

Moreover, when there is a transient disturbance, the trajectory skip from a limit cycle to another.

FIGURE 3.8 — External current and the outputs of the filters

3.6 Conclusions

In this chapter, we have presented our contributed controller for hybrid batteries/ultracapacitor
energy storage system with exogenous disturbed current. The current disturbance may be sinu-
soidal or transient. The sinusoidal disturbance is due to the internal combustion engine torque
ripples compensation, and the transient disturbance, which has been widely studied by resear-
chers, is caused by the sudden exchange of power in the process of acceleration or braking. Our
control objective is to protect the battery from the disturbances and capture the disturbances
via the ultracapacitor. Meanwhile, we attempt to maintain a constant voltage in the DC bus,
and maintain the average voltage of the ultracapacitor around a given value. Our control idea
is based on a multi-timescale approach which separates the system into a fast model and a
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FIGURE 3.9 — Simulation results with sinusoidal and step current disturbance (From top to
bottom : current through L, voltage in the DC bus, current through Lo and ultracapacitor
voltage)
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FIGURE 3.10 — Desired trajectories of ultracapacitor side converter (left : when the external
disturbance wy is persistent sinusoidal signal with different harmonics; right : when w; is transient
signal plus a sinusoidal signal)

slow model. Furthermore, we consider the hybrid energy system alone without disturbances, and
identify the solution of the problem as a static solution. And then, we define the solution of the
system with disturbances as a dynamic solution. The fast model and the slow model are then
connected through a cascade control structure with a fast inner loop and a slow outer loop. The
control objective is achieved by driving the slow model to the static solution and forcing the fast
model to reach the desired dynamic solution. The dynamic solution is deduced from the analysis
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of energy distribution and generated by an internal model. The controller aiming to drive the
system to the static equilibrium is designed via interconnection and damping assignment. The
effectiveness of the controller has been verified through simulations. In order to be more convin-
cing, we attempt to apply the control algorithm in the experiments. The experiment results will
be presented in the next chapter.
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4.1 Introduction

In the last chapter, we have developed our disturbance rejection algorithm for battery/ultraca-
pacitor hybrid energy system with exogenous current disturbance. In this chapter, we attempt to
apply the control algorithm to experiments and test it in real-time. Thanks to dSPACE software
and hardware, we are able to edit the algorithm under MATLAB/Simulink environment.

We have mentioned that, for our hybrid electric vehicle application, the exogenous current dis-
turbance on the DC bus is transferred from the DC-AC converter electrically connected to the
PMSM. The PMSM is mechanically connected to the ICE. Strictly speaking, to be more convin-
cing, we should integrate the DC-AC converter, the PMSM, the ICE, and the active control
algorithm developed in [Njell| with our hybrid energy system and test our disturbance rejec-
tion algorithm for the DC-DC converters. However, due to the complexity of the whole system
and the limit of time, we are not able to implement all these. Instead, we build an alternative
exosystem utilizing a resistive load and an AC power source to emulate the behaviour of the
real exosystem. The persistent disturbance generated by the real exosystem can be decomposed
into several harmonics. Hence, herein we test one harmonic and the same control algorithm can
be extended to other harmonics. The transient disturbance is caused by the sudden change of
the power demand. This is reflected via the change of the resistive load. In this way, we might
actually generalize our hybrid energy storage system and the disturbance rejection algorithm to
a wider range of applications, not only hybrid electric vehicles but also pure electrical vehicles
or even renewable energy generation system wherever a hybrid energy storage system is applied
and exogenous current disturbances appear in the DC bus.

A comparison of the experimental results with and without the disturbance rejection algorithm
under different exogenous disturbances will be presented to evaluate the controller performance.
The system responses show that, with the designed control algorithm, the disturbances in the
battery side converter are obviously rejected while the disturbances are effectively absorbed in
the ultracapacitor side converter.

4.2 Experimental equipment

The experimental test bench is mainly composed of a Lithium-Ion battery system, an ultracapa-
citor pack, a boost converter, a bi-directional DC-DC converter, resistive loads and a sinusoidal
voltage generator. The voltage generator is connected to the circuit to simulate sinusoidal current
disturbances. Several strategies are applied to protect the circuit including protection resistors
which limit the currents in the stage of start-up of the system. The overall test bench is shown
in Figure 4.1. The circuit signals communicate with the control terminal through a dSPACE
DS1104 board and the related dSPACE software. The dSPACE provides an interface for the
communication of analog signals and numerical signals, and provides a powerful platform allo-
wing to control and monitor the current and the voltage of the circuit in real time and to design
the control program under MATLAB /simulink environment [DS204, Ghal2|. In this section, we
will present some details of each experimental module and the embedding of the control algo-
rithm. The parameters of the experimental equipment and the control algorithm can be found
in Table 4.1.
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FIGURE 4.1 — Experimental test bench

4.2.1 Battery system

The battery we use is a SAFT Lithium-Ton battery system [MAHO09]. It is composed of two
battery modules MOD-VLM48-039 connected in series. Each module contains 14 VL41M cells
(4V, 39Ah). The system comes with a battery management module. The module needs to be
supplied by a 24V power source and enables to monitor the battery states and protect the
battery. We may therefore monitor the state of charge (SOC) of the battery and charge or stop
charging the battery according to the percentage of SOC. When the battery is connected to the
boost converter, it imposes its nominal voltage (~100V) on the DC bus due to the existence of
the diode. Our desired voltage in the DC bus is 300V. The moment when the power converter
stats up, there is a peak current through the inductor. For sake of security, we have integrated
a fuse in the converter to limit the current flow to 5A. Consequently, it is necessary to avoid
this transient current exceeding 5A. To achieve this, we utilize a sliding rheostat to connect the
battery to the boost converter. This protection resistor is set to maximum at the moment when
the control input is added, and then set to zero when the circuit is steady.

4.2.2 Ultracapacitor

Our laboratory possesses a pack of ultracapacitor having access to four various capacitances
according to different connection modes. En mode solo, we have access to two capacitances : the
maximum capacitance 52F, with the maximum voltage 15V, and a smaller capacitance 6.5F, with
the maximum voltage 120V. In parallel mode, connecting in parallel two identical 6.5F capacitors,
we may obtain a 13F capacitor with the same maximum voltage 120V. In series mode, connecting
in series two 6.5F capacitors, we may obtain a 3.25F capacitor with the maximum voltage 240V.
In our study, we use the series mode capacitor 3.25F /240V.
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TABLE 4.1 — Electric parameters of

Battery parameters

the experimental system

Maximum voltage 112V
Minimum voltage 6V
Nominal voltage 100V
Maximum charge current @-+20°C 30A
Maximum discharge current @+20°C 150A
Ultracapacitor parameters

Capacitance 3.25F
Maximum voltage 240V
Nominal voltage 160V
Nominal current 10A
Estimated resistive loss Rg. = 8.7k}
Three-phase AC power source generator parameters

Maximum power 4.5K VA
Maximum Power per Phase 1.5 K VA
Output voltage 0-150V
Frequency 15Hz-1.2kHz
Maximum current per Phase (r.m.s) 12A
DC-DC converter parameters

Battery side inductance L; = 10mH
Ultracapacitor side inductance Lo = 10mH
Maximum current through the inductances 5A
Capacitance on the DC bus C = 3850uF
Maximum voltage on the DC bus 425V
Nominal voltage on the DC bus 300V
Estimated total resistive loss in the circuit R = 90092
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FIGURE 4.3 — An accuate ultracapacitor model

A classical physical model of ultracapacitor is shown in Figure 4.2. In this model, the ultra-
capacitor is considered as a conventional capacitor connecting in parallel and in series with a
resistor respectively. The model have been accepted and utilized by most researches, and the
series resistor is usually referred to as an equivalent series resistor (ESR).

Our colleagues in the electrical team of our laboratory have done a concentrated research of ultra-
capacitors and proposed a more accurate physical and mathematical model [BTCM13, HIDT12]
shown in Figure 4.3. In the proposed model, they have taken into account the self-discharge of
ultracapacitors and found out that the total capacitance is approximately linear to the square
root of the terminal voltage. Thus, the total capacitance can be written as :

Csc - C’0 + kv\/vl

where, k, is a parameter reflecting the effects of the diffused layer of a ultracapacitor, and can
be calculated through experiments.

In our study, our aim is to capture the high-frequency current with the ultracapacitor. The current
flow through the ultracapacitor is an important variable which is a varying manifold at steady
state. A complicated physical model of ultracapacitor leads to a complicated variable derivative
in state space representation and desired trajectory representation, and thus has no much positive
effect on the control algorithm. Actually, we need only to take the ultracapacitor self-discharge
into consideration and try to maintain its voltage around a certain value. Consequently, we
choose a relative simply model of ultracapacitor with a parallel connection of a conventional
capacitor and an internal resistor. Thus, a parallel internal resistor may sufficiently represent
the self-discharge phenomenon, and the internal resistance Rg. can be easily estimated through
experiments.
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4.2.3 Exosystem

As mentioned in the second chapter, the exogenous current disturbance consists of two kinds of
disturbances, i.e., transient disturbance and persistent disturbance. The transient disturbance
is caused by the load power sudden change during acceleration and deceleration. While, the
persistent disturbance is due to the combustion engine torque ripple compensation, and can be
decomposed into several sinusoidal disturbances with different frequencies. The torque ripple
compensation is achieved through a PMSM torque control. The control algorithm has been
applied to the DC-AC converter connecting the hybrid energy storage system. The battery and
ultracapacitor energy storage devices are connected to the DC-AC converter through two DC-DC
converters. The active control algorithm of the AC-DC converter leads to a sinusoidal current
disturbance on the bus. In the theoretical analysis stage, we have regarded the hybrid energy
storage system as an isolated plant and the impact on the DC bus as an exogenous disturbance.
Similarly, in the experimental stage, we utilize an “exosystem” to simulate the impact of the
current disturbance.

The hybrid energy system is connected to a resistive load and an AC source, as shown in Figure
4.4. Thus, the transient disturbance can be achieved through a step change of the resistive load.
The sinusoidal disturbance can be achieved from the AC source. We have two candidate devices in
our lab, an AC current generator and an AC voltage generator. However, the AC current generator
is not amenable for the experiment because the rated voltage of the AC current generator is only
around 120V, it cannot be connected directly to the DC bus. Therefore, we utilize the AC voltage
generator connecting with a capacitor to generate a sinusoidal current disturbance in the DC
bus.

The AC voltage generator is a Chroma model 61703 programmable AC power source [ACs02].
It delivers pure, 5-wire, 3-phase AC power. The output voltage may vary from 0 to 150V, and
the frequency from 15Hz to 1.2kHz. We have shown in the second chapter that when the rota-
tional speed of the vehicle is 900rpm (94.24rad/s), the harmonic disturbances correspond to a
fundamental frequency of 7.5Hz. Since the available lowest frequency of the AC source is 15Hz,
two times of the fundamental frequency, we may utilize a single-phase sinusoidal output with
this frequency as the persistent disturbance. A capacitor (4700uF,450V) is utilized to connect
the AC source to the DC bus. It is used to share the voltage on the DC bus, so as to protect
the AC source. Furthermore, a sliding rheostat is also connected in series with the AC source to
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FI1GURE 4.5 — Over voltage protection for the DC bus

avoid the over current. Therefore, it is referred to as a protection resistor.

4.2.4 Power converters

Our laboratory has researched and developed independently several boost converters and has
developed recently a buck-boost bi-directional DC-DC converter especially for our application.
Being different from the bi-directional DC-DC converter, the switch interfacing the inductor and
the capacitor is replaced by a diode allowing only unidirectional current. Our experimental ob-
jective is to capture the high frequency disturbance by the ultracapacitor. Therefore, we connect
the battery with a boost converter and connect the ultracapacitor with the bi-directional DC-DC
converter.

The switches are IGBT. The two switches in the bi-directional DC-DC converter are conjugated.
The control inputs are Pulse-width modulation (PWM) out of the dSPACE hardware. The
frequency of the PWM is set at 4500Hz.

The maximum current through the inductors is set to 5A. We have mounted fuses in the conver-
ters to achieve over current protection. Therefore, two sliding rheostat (0-10623.5A) are utilized.
One is connected between the battery and the boost converter; another is connected between
the ultracapacitor and the bi-directional converter. The resistances are set to the maximum at
the initial stage when the control signals are switched in, and set to zero when the system tends
to be steady. Therefore, it is obvious that the protection resisters only work at the start up stage,
and have no influence after the control signals switched in.

The maximum voltage in the DC bus is set to 425V, exceeding this voltage will ring the alarm.
In order to limit the voltage in the DC bus, we design an over voltage protection in the control
interface to avoid the DC bus voltage exceeding 400V. Figure 4.5 shows the over voltage protec-
tion structure. The constant duty cycle is a preset open-loop control input which drives the DC
bus voltage to the nominal value. The value of the switch boost block decides to switch in or off
our designed closed-loop controller. When its value is 0, the closed-loop controller is switched off,
the system operates with the constant duty cycle. When its value is 1, the closed-loop controller
is switched in. If the DC bus voltage remains below 400V, the system remains regulated by the
closed-loop controller. If our designed closed-loop controller drives the DC voltage beyond the
limit, then the over voltage protection cuts immediately the closed-loop controller and switches
in the open-loop controller. Thus, we assure that the circuit always operates within the safety
range in the debugging process of the closed-controller.
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FIGURE 4.6 — Experimental control structure

4.3 Control algorithm embedding

The circuit voltage and current signals are transferred to the control computer through the
dSPACE ADC module. The control PWM signals are exported from the dSPACE PWM module.
The control algorithm is edited under MATLAB/Simulink environment. We embed the cascade
control algorithm elaborated in the last chapter and verify its effectiveness in real time. The
global structure is shown in Figure 4.6. The battery system is connected to a boost converter,
and the ultracapacitor pack is connected to a bidirectional DC-DC converter. The PWM signals
are applied to control the IGBTs. The exosystem emulating the exogenous disturbance can be
switched in or off on the DC bus. The generated disturbances are extracted by digital filters. The
internal model is to calculate the desired dynamic trajectory reference of the states. The fast inner
current loop is to control the ultracapacitor side converter and to impose the current tracking
the desired dynamic trajectory. The slow outer loop is to force the system operating around
the desired equilibrium point. The fast loop is to impose the desired dynamic to the system
and is achieved through a PI controller with anti-windup. The slow outer loop is designed via
interconnect and damping assignment (IDA) and passivity-based control (PBC). The control
parameters can be found in Table 4.2.

The output current w; of the exosystem is to simulate the transient and persistent current
disturbances. It is measured by a current sensor and transferred to the terminal computer. A
low-pass filter and a band-pass filter are utilized to separate the constant component wy and the
high-frequency component ;.

An anti-windup is added to avoid the integral saturation (windup). The structure anti-windup
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TABLE 4.2 — Control parameters of the disturbance rejection algorithm

Filters parameters

Cut-off frequency of the low-pass filter Srad/s
Cut-off frequency of the band-pass filter Srad/s -1000rad /s
Control parameters
Sampling frequency F;=10kHz
Switching frequency 4500Hz
Proportional term kp=5.6
Integral term k;i=140
Interconnection structure J1=3.25;
J2=0.01;
J3=1.18x1075.
Damping injection r1=8.95; ¢1=1800; c4=2.12;
ro=0.18; ¢3=50; c5=0;
7’3:2.11 y 03:0 ) 06:0.3413.

part is shown in Figure 4.7. When the error is in one direction, the integral action keeps accumu-
lating and thus the output of the PI controller keeps increasing. When the actuators reach their
extreme position, if the control command continues to increase, it will be beyond the limit range
of the duty cycle [0,1]. Thus, the actuator cannot follow the control command any more, and
the system enters the saturation zone. Only when the error reverses, the system exits gradually
from the saturation zone. In order to avoid the system entering the saturation zone where the
actuators do not effectively work, the anti-windup part is added to adjust promptly the error
input of the integrator.

4.4 Experimental results of battery/ultracapacitor hybrid system

The experiments are carried out in the following steps. Initially, the ultracapacitor is first charged
to the nominal voltage with a DC source. Then, at the start up stage, the system is driven to the
desired equilibrium point with an open-loop controller, i.e., two fixed duty cycle PWM signals.
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Later, when the system operates steadily at the equilibrium point, we add the disturbances and
the designed closed-loop controller to maintain the system around this operating point.

The experimental results will be presented in three sections according to different exogenous
disturbances. First, we will show the system responses under sinusoidal current disturbances.
Then, the system responses under step current disturbances will be presented. Finally, we will
test the so-called general disturbances composed of the two kinds of the disturbances.

The objective of the experiment is to observe the disturbance absorption at the ultracapacitor side
converter, so as to verify the effectiveness of the designed controller. Similar with the simulations
in the last chapter, for each section, we will do contrast experiments with and without disturbance
rejection algorithm. We apply first an ordinary cascade control algorithm without considering
disturbance rejection. This is achieved via disconnecting the internal model which imposes the
desired dynamic to the system. We may observe visually the influence of the disturbances to
the system. Then, we reconnect the internal model to see the contrast results with disturbance
rejection algorithm.

4.4.1 Sinusoidal disturbance

We first add the sinusoidal current disturbance to the DC bus. As mentioned before, the frequency
of the sinusoidal disturbance is set at 15Hz, the available lowest frequency of the AC source
generator. The nominal DC bus voltage is 300V and the nominal ultracapacitor voltage is 160V.

Figure 4.8 gives the experimental results. The figure shows the system responses without the
designed controller during the first 20 seconds. The designed disturbance rejection algorithm is
added afterwards. It can be observed from the figure that without the designed algorithm, the
sinusoidal disturbance leads to substantial oscillations in the DC bus voltage and the battery
current. These current oscillations do damage to the battery and need to be rejected. After the
designed disturbance rejection algorithm is added, we may see clearly that the oscillations in the
battery side converter are significantly reduced. On the contrary, the oscillations in the current
and the voltage of the ultracapacitor increase. This implies that, with the designed algorithm,
the ultracapacitor side converter successfully absorbs the sinusoidal disturbance. Moreover, the
ultracapacitor voltage remains around its nominal value, which indicates that the self-discharging
has been effectively compensated by the battery.

Figure 4.9 and Figure 4.10 show respectively the spectrum of the battery current and the ultra-
capacitor current. It can be seen from Figure 4.9 that during the first 20 seconds, the battery
current contains a 15Hz harmonic caused by the exogenous current disturbance in the DC bus.
When the designed algorithm is added, this harmonic disappears. On the contrary, it can be seen
from Figure 4.10 that the 15Hz harmonic in the ultracapacitor current increases, which further
verifies the absorption of the sinusoidal disturbance.

Figure 4.11 gives the output of the internal model imposing the desired dynamic component of
the ultracapacitor current I7,. Since the desired constant component of Iy, is zero. The desired
trajectory I};Zf is entirely described by the output of the internal model. During the first 20
seconds, the internal model is disconnected, so Izzf = 0. It can be seen from the figure that,
when the internal model is reconnected, the curves almost coincide. This shows that the fast
inner loop effectively converges I, to its reference.
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FIGURE 4.8 — System responses with and without disturbance rejection algorithm under sinusoi-
dal disturbance
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FIGURE 4.9 — Battery current static spectrum with and without disturbance rejection algorithm
under sinusoidal disturbance



86

Experiment implement and results analysis

5 T T T
<. 0
_J
5 i i i
0 5 / 10 15
0.2
= <
sN O W\]\N\} jN 0
— -
-0.2 -5
9 9.5 10 10.5 11 29 29.5 30 30.5 31
time(s) time(s)
.03 2
< <
302 3
2 21
£ 04 =
g0 £
< 5 1 e 1 <5
-20 -10 0 10 20 -20 -10 0 10 20
Frequency(Hz) Frequency(Hz)

F1GURE 4.10 — Ultracapacitor current spectrum with and without disturbance rejection algorithm
under sinusoidal disturbance

0 5 10 15 20 25 30 35 40
time(s)

FiGURE 4.11 — Ultracapacitor current and its reference under sinusoidal disturbance



4.4 Experimental results of battery/ultracapacitor hybrid system 87

4.4.2 Transient disturbance

We have shown the control performance under sinusoidal current disturbance. In this section we
test the system responses with step current disturbance. The step current variation in the DC bus
is achieved by switching in and switching off an additional resistive load. During the transient,
when the power demand suddenly increases, the battery current increases and vice versa. This
corresponds exactly with the vehicle application. The sudden change of the power demand causes
a rapid variation in the battery current which is harmful to the battery. Numerous researchers
have studied this problem and proposed different control strategies to deal with the transient.
Herein, we will show how our control algorithm forces the ultracapacitor to capture this transient
and smooth the battery current.

Figure 4.12 and Figure 4.13 shows respectively the experimental results without and with the
disturbance rejection algorithm. It can be seen from Figure 4.12 that, without the designed
algorithm, each time when the addition resistor is switched in or switched off, there is a rapid
step variation in the battery current. Figure 4.13 shows the system responses with the disturbance
rejection algorithm. It can be seen clearly that there is a peak current each transient when the
power demand changes. This implies that the ultracapacitor effectively absorbs the transient
disturbance, and the current through the battery varies more smoothly.
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FIGURE 4.12 — System responses without disturbance rejection algorithm under transient distur-
bances

Figure 4.14 gives a contrast of the battery current and the ultracapacitor current with and
without the designed algorithm. It can be seen from the contrast that, with the same power
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FIGURE 4.13 — System responses with disturbance rejection algorithm under transient distur-
bances

demand, the battery current varies more smoothly with our designed controller. The transient
disturbance is successfully captured by the ultracapacitor.

It has been verified that the fast inner loop drives the ultracapacitor current to converge with
its reference under sinusoidal disturbance. Herein, instead of printing two almost overlapping
curves, we show the difference between the ultracapacitor current and its reference in Figure
4.15. Tt can be seen from the figure that the error is small enough (the order of magnitude 10~4)
to be neglected. This indicates that the fast inner is also effective under transient disturbances.

4.4.3 General disturbance

Now that we have tested the controller performance under sinusoidal disturbance and transient
disturbance respectively, we will combine these two classes of disturbances together and ob-
serve the controller performance. Actually, these two kinds of disturbances almost cover all the
disturbances in vehicle application. Through harmonic decomposition methods, other forms of
disturbance can always be decomposed into several harmonics and be regarded as several si-
nusoidal disturbances with different frequencies. Consequently, we call the combination of the
sinusoidal and transient disturbance a general disturbance.

Figure 4.16 shows the experimental results with and without the disturbance rejection algo-
rithm. The algorithm is added at time t=25s. During the first 25 seconds, the high-amplitude
oscillations and the rapid variations in the battery current can be observed. After the distur-
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F1GURE 4.14 — Contrasts of battery and ultracapacitor current with and without disturbance
rejection algorithm under transient disturbances
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FIGURE 4.15 — The error between ultracapacitor current and its reference
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FIGURE 4.16 — System responses with and without disturbance rejection algorithm under both
transient disturbances and sinusoidal disturbances

bance rejection algorithm is added, these oscillations obviously reduce, and the battery current
varies smoothly when the power demand changes. On the contrary, the ultracapacitor current
absorbs more oscillations and appears high-frequency peak current when the load power demand
changes. Moreover, the DC bus voltage and ultracapacitor voltage remain around their nominal
values. Herein, the reduction of the battery current oscillation is not that significant because we
set a small exogenous sinusoidal current so as to limit the battery current. This is due to the
aforementioned constraint that the inductor current in the power converters cannot exceed 5A.

4.5 Conclusions

In this chapter, we have completed our study with experiments. The real-time experiments are
implemented with dSPACE hardware and software. A real battery/ultracapacitor hybrid energy
storage system is built and connected to the DC bus with a boost converter and a bi-directional
converter. An exosystem built with a resistive load and an AC power source is utilized to emulate
the behavior of the real exosystem composed of AC-DC converter, PMSM, ICE and the torque
ripples compensation active controller. The replaced exosystem generates transient and sinusoidal
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disturbances in the DC bus. We have defined the combination of these two class of disturbance as
a general disturbance. Actually, general disturbances cover almost all general form of disturbances
which can be decomposed into different harmonics. The disturbance rejection control algorithm
developed in the last chapter is tested under each disturbance situation. We have analyzed the
system responses with and without the designed controller. With the disturbance rejection control
algorithm, the disturbance rejection target is successfully achieved in the battery side converter,
and the disturbance absorption task is effectively completed. Moreover, the DC bus voltage and
the ultracapacitor voltage remain around their nominal values. In summary, this chapter has
verified the effectiveness of the disturbance rejection control algorithm and declares a cloture of
our study.






(General conclusions

In this thesis, we have studied and achieved an energy management in a battery /ultracapaci-
tor hybrid energy storage system with exogenous disturbances. A disturbance rejection control
algorithm based on a cascade control structure is proposed to absorb the disturbances causing
battery wear via the ultracapacitor. We have taken two kinds of disturbances into consideration :
transient disturbance results from the power demand sudden changes during vehicle accelerations
and decelerations; and harmonic persistent disturbances introduced from the process of torque
ripples compensation in hybrid electric vehicles, an issue left over in the thesis of Mohamed
NJEH.

In the state of the art, we have presented a contrast of three main energy storage devices :
fuel cells, batteries and ultracapacitors ; and reviewed various configurations of the hybridization
among them and several control strategies. The topology of our hybrid energy storage system
is two DC-DC power converters interfacing the battery/ultracapacitor and the DC bus, which
provides a large flexibility to manage the energy, and is adaptable in vehicular and other applica-
tions. The transient current disturbance in the DC bus has been widely studied in the literature.
Therefore, we focus mainly on the sinusoidal disturbance based on the disturbance signal har-
monic decomposition. The contributed disturbance rejection control algorithm is turned out to
be capable of applying to both kinds of the disturbances.

The control objective is to allocate the energy in the hybrid energy storage system, especially, to
capture the disturbance energy via the ultracapacitor, so as to achieve a steady energy output
from the battery and maintain a constant DC voltage. Based on this idea, we have first simplified
the problem by considering the battery side converter and the ultracapacitor side converter
separately, and exploited the nonlinear error output regulation theories to solve the problem.
Specifically, the harmonic disturbance is described with a linear exosystem. The error output
is defined as the difference between the disturbance energy and the energy captured in the
ultracapacitor. The error feedback regulator consists of two subcontrollers : an internal model
providing the steady-state control input while the system states operating along their desired
trajectories; and a stabilizer controller stabilizing the interconnection of the original system and
the internal model. Simulation results have verified the effectiveness of the regulator, yet several
existing defaults hinder the regulator from testing in the experiments, including the strict stability
and the neglect of the ultracapacitor self-discharge phenomenon and the battery /ultracapacitor
interaction.

Thereafter, we consider the overall hybrid energy system as a whole, and take the ultracapaci-
tor self-discharge in to account via adding an internal resistor. The new model is a multi-input
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multi-output (MIMO) four-dimensional nonlinear Hamiltonian system. Original method solving
Hamiltonian system is to solve partial differential equations. However, it is too complex to find
analytical solutions dealing with our MIMO four-dimensional model. Consequently, we exploit
an alternative approach that analyzes the system in two timescales. Thus, referring to the sin-
gular perturbation theory, the system can be regulated through a cascade control structure. The
ultracapacitor current, which is supposed to absorb the dynamic current disturbance, has the
fastest motion ration and is chosen as the inner loop control. Besides, we define the desired sys-
tem equilibrium point as the steady-state response disregarding the disturbance ; and the desired
dynamic trajectory as the system response with the disturbance. Thus, the essence of the cascade
control structure is to drive the system to the desired equilibrium through the outer slow loop,
and impose the desired dynamic via the inner fast loop. The regulator of the inner fast loop is
a simple PI controller, while the regulator for the outer slow loop is designed via Hamiltonian
system interconnection and damping assignment.

The task of the ultracapacitor is to absorb the transient and the sinusoidal disturbance. For this
tracking problem, a key point is to determinate the expression of the desired dynamic trajectories
Consider a harmonic sinusoidal disturbance, then the desired trajectories of the ultracapacitor
current and voltage are supposed to be limit cycles. An approximation based on energy allocation
principle is applied to calculate the reference trajectories. This algorithm is embedded in an
internal model, from where the reference is generated.

Simulations under MATLAB/Simulink environment and experiments with dSPACE hardware
and software have been carried out to verify the effectiveness of the disturbance rejection cas-
cade control algorithm. A contrast of the system responses with and without the algorithm has
been presented under transient disturbance, sinusoidal disturbance, and the combination of both
respectively. The contrast results show evidently that the disturbances causing battery wear are
successfully absorbed by the ultracapacitor. Moreover, the oscillations in the DC bus voltage are
also reduced ; the ultracapacitor self-discharge is compensated, and it maintains at the nominal
state of charge.

Other than the works we have done, the study of the hybrid energy storage system could be
further developed in the following aspects :

— Replace the filters in the control algorithm with a harmonic decomposition method and
test the control performance with a real ripple signal.

— Build a real connection between the battery/ultracapacitor system and the propulsion
system (the electric machine and the engine) to further evaluate the control performance.

— Take the vehicle start-up phase into consideration, and integrate the limitation of the over
current and the charge of the ultracapacitor into the control algorithm, so as to further
complete the energy management of the hybrid energy storage system.

— Develop a battery supervision algorithm to monitor in real-time the state of charge of the
battery and to manage the change and discharge cycles while the electric machine working
at generator mode and motor mode.

— Extend the disturbance rejection control algorithm to other applications such as pure
electric vehicles and renewable energy generation systems where exogenous disturbances
exist and cause battery wear.
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Résumé

Ce mémoire porte sur I’étude d’un systéme de gestion d’énergie électrique dans un systéme multi-sources
soumis a des perturbations exogénes. L’application visée est ’alimentation d’une propulsion hybride die-
sel/électrique équipée d’un systéme d’absorption des pulsations de couple. Les perturbations exogénes
considérées peuvent étre transitoires ou persistantes. Une perturbation transitoire correspond & une va-
riation rapide du couple de charge, due par exemple & une accélération ou une décélération du véhicule.
Une perturbation persistante provient du systéme de compensation des pulsations de couple générées
par le moteur thermique. Le premier objectif du controle est de maintenir constante la tension du bus
continu. Le deuxiéme objectif est d’absorber dans un systéme de stockage rapide constitué de super
condensateur ces perturbations qui peuvent & terme provoquer une usure prématurée de la batterie. Le
troisiéme objectif est de compenser 'auto-décharge dans le super condensateur en maintenant constante
sa tension nominale. Les deux sources (batterie et super condensateur) sont reliées au bus continu par
I'intermédiaire de deux convertisseurs boost DC/DC. La commande consiste & piloter les rapports cy-
cliques de chaque convertisseur. C’est un systéme non linéaire ou la commande est multiplicative de
I’état. L’approche classique consistant & résoudre les équations Francis-Byrnes-Isidori ne s’applique pas
directement dans ce cas ot la sortie et la matrice d’interconnection dépendent de la commande. De plus,
si cette approche est bien adaptée au rejet de perturbations persistantes, elle montre ces limites pour le
rejet de perturbations non persistantes combiné & des objectifs de régulation. Notre approche a consisté
& écrire le systéme sous un formalisme Port-Controlled Hamiltonian et & s’affranchir de la contrainte de
la dépendance de la matrice d’interconnection avec la commande en utilisant la théorie des perturbations
singuliéres. La commande du systéme dégénéré peut ensuite étre calculée par une approche passive. Les
performances de cette commande ont été testées en simulation et & ’aide d’un banc d’essai expérimental.
Les résultats montrent 'efficacité du systéme d’absorption des différents types de perturbation tout en
respectant les deux objectifs de régulation.

Mots-clés : véhicules hybrides électriques, systéme multi-source, gestion d’énergie, rejet perturbations
persistantes, régulation de sortie, formalisme Port-Controlled Hamiltonian, perturbations singuliéres.

Abstract

This thesis presents the research of energy management in a battery /ultracapacitor hybrid energy storage
system with exogenous disturbance in hybrid electric vehicular application. Transient and harmonic
persistent disturbances are the two kinds of disturbances considered in this thesis. The former is due
to the transient load power demand during acceleration and deceleration, and the latter is introduced
from the process of the internal combustion engine torque ripples compensation. Our control objective
is to absorb the disturbances causing battery wear via the ultracapacitor, and meanwhile, to maintain a
constant DC voltage and to compensate the self-discharge in the ultracapacitor to maintain it operating
at the nominal state of charge. The object system is nonlinear due to the multiplicative relation between
the input and the state. The traditional approach to solve Francis-Byrnes-Isidori equations cannot be
directly applied in this case since the interconnect matrix depends on the control input. Besides, even if
this approach is well suited to the rejection of persistent disturbances, it shows the limits for the case of
non-persistent disturbances which is also our object. Our contributed control method is realized through
a cascade control structure based on the singular perturbation theory. The ultracapacitor current with
the fastest motion rate is controlled in the inner fast loop through which we impose the desired dynamic
to the system. The reduced system controlled in the outer slow loop is a Hamiltonian system and the
controller is designed via interconnection and damping assignment. Simulations and experiments have
been carried out to evaluate the control performance. A contrast of the system responses with and without
the control algorithm shows that, with the control algorithm, the ultracapacitor effectively absorbs the
disturbances ; and verifies the effectiveness of the control algorithm.

Keywords : hybrid electric vehicles, hybrid energy storage system, energy management, persistent dis-
turbance rejection, output regulation, Port-Controlled Hamiltonian system, singular perturbation theory.






