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General introdution

Context

In the 19th entury, petrol or gasoline powered automobiles have gradually replaed steam powe-

red automobiles whih have oupied the history for a entury. Petrol or gasoline powered internal

ombustion engine (ICE), being a dominant means of propulsion nowadays, has improved the

speed of vehiles dozens or even hundreds of times. Atually, it is not only the vehile speed that

inreases, but also the onsumption of fossil fuels and exhaust emissions. While we enjoy the

onveniene brought by automobiles, we are also withstanding the exhaust pollution. In the 20th

entury, with the inrease of the awareness of the protetion of non-renewable energy and the air

ondition, eletrial powered automobiles appeared and began to oupy the market today in the

21st entury. Hybrid eletri vehiles (HEV), being an optimal andidate, signi�antly redue the

toxi and harmful gas emissions without sari�ing the travelling veloity. It is still fresh in our

memory the smog loud hanging over Paris this Marh. Even the landmark Ei�el Tower almost

disappeared in the smog. The government has taken measures inluding alternating driving ban

to limit the pollution, while HEV is an exeption and is not inluded in the ban. The advantage

of HEV is thus evident. In fat, the poliy and �nanial dual support from the government has

essentially promoted and advaned the researh and the market of HEV.

During all these years in the study of HEV, we have been ommitted to reate a omfortable

driving environment with less noise and smoother running. This is ahieved via the suppression

of the torque ripples generated by the ICE. Instead of utilizing the traditional passive ontrol

method with a �ywheel, Mohamed NJEH [Nje11℄ has ontributed an ative ontrol method to

ontrol the torque of the eletri mahine, a permanent magnet synhronous mahine (PMSM),

to ompensate the ICE torque ripples. The essene of the study is based on the harmoni de-

omposition. The ripple disturbane is deomposed into di�erent harmonis and then treated in

parallel. The torque ripple ompensation ontroller is thus a parallel onnetion of a series of

subontrollers, with eah subontroller dealing with one main harmoni. The ative ontroller is

for the AC-DC onverter onneting to the DC bus. Consequently, the torque ripples ompen-

sation proess results in a transfer of ripple disturbane in the DC bus. This disturbane also

needs to be properly dealt with. It is under this irumstane that our study is arried out.
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Problem statement

The DC bus voltage is supplied by a battery onneting with a DC-DC onverter. The problem

left for us is then to deal with the disturbane in the DC bus introdued in the proess of torque

ripple ompensation. The diret damage aused by the disturbane is battery wear. Exposing to

suh persistent osillations, batteries, with the property of high energy density but low power

density, annot a�ord suh substantial and frequent power variation yles, and thus wear down

very quikly. Consequently, it is quite neessary to �nd a solution to rejet the disturbane in

the DC bus.

Atually, talking about batteries, it is easy to think of ultraapaitors being widely used as a

omplementary power soure in a hybrid battery/ultraapaitor energy storage system. Hybrid

energy storage system has been ommonly studied in eletri vehiles and other appliations

inluding renewable energy power generation. In most studies, the appliation of ultraapaitors

in vehiular system is mainly to deal with the transient disturbane, another fat ausing battery

wear, introdued by the load power demand sudden hange during aeleration and deeleration.

In ontrast with batteries, ultraapaitors, with higher power density, is apt to provide a large

amount of energy in a short period and experiene frequent and rapid harge disharge yles.

Therefore, battery/ultraapaitor hybrid struture provides a perfet solution to redue the bat-

tery wear if we ould fore the ultraapaitor to absorb both the transient disturbane and the

persistent disturbane. In order to ahieve this, it is neessary to design a high-performane

ontrol algorithm, and this is the ore of our study.

Objetives

Our researh objet is then a battery/ultraapaitor hybrid energy storage system onneting to

the DC bus where there are exogenous transient and persistent disturbanes. Our objetive is

to rejet the disturbanes in the battery and absorb them in the ultraapaitor. Other aessory

ontrol objetives inlude maintaining a onstant DC voltage and ompensating the self-disharge

of the ultraapaitor to maintain at the nominal state of harge.

From energy management point of view, it requires properly managing the energy alloation in

the battery/ultraapaitor system so as to ahieve the ontrol objetive. Spei�ally, the task of

delivering steady energy in the DC bus is assigned to the battery, while the task of disturbane

energy absorption is alloated to the ultraapaitor. From osillating disturbane rejetion point

of view, it requires an ative ontroller to turn the ultraapitor into an ative damping.

The battery and the ultraapaitor are onneted with a DC-DC onverter respetively. For this

DC-DC power eletrial 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 diretly apply

lassial linear theories. Faing this di�ulty, we have explored various nonlinear ontrol theories,

from sliding mode ontrol to passivity-based ontrol of Euler-Lagrange systems, and to nonlinear

error output regulation, and to the interonnetion and damping assignment of Hamiltonian

systems. After su�ering numerous frustrations, we �nally understand deeply the priniple of the

hybrid energy system and ontribute a disturbane rejetion ontrol algorithm. The proess is

progressive, and this is exatly how we organize this dissertation.
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Organization of the dissertation

The dissertation is divided into four hapters.

The �rst hapter presents a state of the art of hybrid energy storage system. In this hapter,

we �rst review the working priniples and harateristis of the widely used DC power soure

and storage devies : fuel ells, batteries and ultraapaitors. Moreover, we summarize di�erent

on�gurations of hybrid storage system and di�erent topologies of DC power onverters applied

in hybrid storage systems. Furthermore, we present a series of ontrol methods aiming to ahieve

a proper energy management in hybrid storage systems.

The seond hapter elaborates the origin of the sinusoidal persistent disturbane ausing battery

wear and explores the output regulation theories of linear and nonlinear system. The related

theory is then applied to our system. To ahieve this, we simplify the problem by onsidering

the battery side onverter and the ultraapaitor side onverter separately, and apply the out-

put regulation ontroller to the ultraapaitor side onverter, while a passivity-based ontroller

to the battery side onverter. Simulation results have shown the e�etiveness of the ontrol al-

gorithm. However, separating the battery and the ultraapaitor means that the interations

between them are also ignored. Moreover, the ultraapaitor model used in this hapter is also

simpli�ed as an ideal model without onsidering its self-disharge phenomenon. Consequently,

lak of omprehensive onsideration, experiments in real-time are not implemented with this

ontrol algorithm.

The third hapter presents our ontributed disturbane rejetion ontrol algorithm. In this hap-

ter, the battery/ultraapaitor hybrid energy storage system is onsidered as a whole, and the

ultraapaitor self-disharge phenomenon is taken into onsideration 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 ontroller of nonlinear Hamiltonian system

is not amenable to our system due to the omplexities and di�ulties of solving partial di�e-

rential equations. Consequently, we exploit an alternative way. In order to ahieve the objetive

of disturbane absorption in the ultraapaitor, we de�ne a stati solution and a dynami so-

lution. The stati solution is the desired equilibrium point of the system when the disturbane

doesn't exist, while the dynami solution is the desired dynami trajetories of the states when

the ultraapaitor absorbs the disturbane. Thus, based on the singular perturbation theory, the

system an be onsidered in two time-sales, a slow one and a fast one, and ontrolled through

a asade struture. The ontrol objetive an then be ahieved by driving the system to the

desired equilibrium point through the outer slow loop and imposing the desired dynami through

the inner fast loop. Besides, the outer slow loop ontroller is designed via interonnetion and

damping assignment, while the inner fast loop is regulated via a simple proportional integral

ontroller. Simulation results are given and show the e�etiveness of the asade ontrol method.

In the fourth hapter, experiments are arried out to further verify the e�etiveness of the dis-

turbane rejetion ontrol algorithm designed in the third hapter. The ommuniation between

the analogue signals of the experimental devies and the digital signals of the ontrol terminal

is based on dSPACE hardware and software. A Lithium-Ion battery and an ultraapaitor are

onneted to the DC bus via a boost onverter and a bi-diretional DC-DC onverter respetively.

The disturbanes ausing battery wear are emulated via an exosystem onsisting of a resistive

load and an AC power soure. Real-time system responses under sinusoidal persistent distur-

bane, transient disturbane and the ombination of both are presented respetively. Under eah
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kind of disturbane, a ontrast of system responses with and without the designed disturbane

rejetion algorithm is given and veri�es the e�etiveness of the ontroller.
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Chapitre 1

The state of the art of hybrid energy storage

system for vehiular appliation
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1.1 Introdution

In today's soiety, people have gradually realized the importane of environment protetion and

sustainable development. The ombustion of fossil fuels an no longer satisfy the energy demand

due to its pollution to the environment and eology. As alternative energy soures, renewable

energy suh as wind energy, solar energy and wave's energy et. are growing rapidly. Moreover,

as opposed to traditional energy prodution that relies on petroleum and natural gas, eletrohe-

mial energy prodution is more environmentally friendly and more sustainable. Eletrohemial

energy storage and onversion devies inlude fuel ells, batteries, and eletrohemial apai-

tors. Reduing the onsummation of fossil-fuel is an issue requiring the ooperation of not only

sientists, but also eologists, eonomists and politiians.

In the on�guration of vehiles, an energy storage devie is neessary. Generally, rehargeable

batteries are utilized in vehiles to supply the urrent to start up and store redundant energy. Fuel

ells are widely applied to pure eletri vehiles due to its high energy density. Ultraapaitors,

or superapaitors are reently studied as an auxiliary power to apture the instantaneous peak

powers. In the on�guration of hybrid DC power soures, fuel ells and batteries are often used

as primary power soure whereas ultraapaitors often serve as auxiliary power soure. They are

onneted in series or in parallel to the DC bus via power onverters and supply power to the

load (eletri motors). Regulation of the DC bus voltage and the energy distribution management

beomes a main researh issue.

In this hapter, we will �rst present the working priniple and harateristis of di�erent DC

power soures : fuel ells, batteries and ulterapaitors. Moreover, we will show some hybrid

energy storage system on�gurations and various DC onverter topologies applied in eletri

vehiles and hybrid vehiles. Finally, we will summarize a series of ontrol tehnologies aiming to

manage the energy distribution for hybrid energy storage systems in order to redue the stress

to the energy storage systems and thus extend their serve yle. A various ontrol theories to

ontrol DC-DC power onverters will also be presented.

1.2 Energy storage systems

DC power soures inluding fuel ells, batteries, and superapaitors are all eletrohemial

energy storage and onversion devies. The ommon features of them is that they all onsist of

two eletrodes and eletrolyte solution, and the energy generation happens at the interfae of

the eletrodes and the eletrolyte where the eletrons and the ions separate and transport in the

opposite diretion [WB04℄. The basi operation mehanism of eah system will be presented in

the following setions.

In automotive appliation, fuel ells or batteries generally serve as permanent soure providing

the required permanent energy to guarantee the system autonomy. Whereas, due to their hemial

strutures, they annot totally satisfy the load demand, and thus superapaitors are introdued

to ompensate the laking power at transients and absorb exess power in braking proess.
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Figure 1.1 � Shemati of struture and operation mehanism of fuel ells.

1.2.1 Fuel ells

Fuel ells, as a lean and high-e�ieny energy soure, are mainly used in eletri vehiles, and

they are intended to replae traditional ombustion engines in automotive �eld. In fat, these

two have a similar operating mehanism, that is they both need external fuels supply. Similar

with internal ombustion engines, fuel ells supply energy as long as the fuels are supplied. The

di�erene is that the fuels re�lled in the tank of fuel ells are hydrogen and oxygen (or air)

and that the exhaust is water. Whereas, internal ombustion engines onsume a large amount of

non-renewable energy and generate greenhouse gases and harmful gases.

1.2.1.1 Working priniple and harateristis

The hydrogen and hydroarbon fuels used in fuel ells ontain a large amount of energy. This

energy is signi�antly higher than that found in ommon battery materials [WB04℄. Through

hemial reation of hydrogen and oxygen, fuel ells onvert the energy into eletrial energy.

Methanol and natural gas may be used instead of hydrogen gas. In this ase, a fuel reformer

is neessary to onvert the hydroarbon fuel into hydrogen-rih gas. In this proess, quite a

little arbon dioxide and nitrogen oxides are generated. In general, this type of hemial reation

produes only water in addition to eletriity. Eletrial vehiles with fuel ells as propulsion are

therefore onsidered to be the most environmentally friendly vehiles and alled �green vehiles".

Figure 1.1 shows a shemati of the struture and operation mehanism of fuel ells. It an be

seen from the �gure that fuel ells onsist of an anode, where hydrogen is oxidized, a athode,

where oxygen is redued by absorption of the eletrons to the anions whih reat diretly with

the hydrogen ions to form water, and an eletrolyte, where ions movement take plaes between

the two eletrodes. The fuels (hydrogen and oxygen) are supplied ontinuously from an external

soure, instead of ontaining within the fuel ell ompartment. This feature allows fuels ells to

serve longer time than other eletrohemial ells as long as the fuels are su�ient, and avoids

the harge-disharge yles.

The priniple of hemial reation is 2H2+O2 → 2H2O. Fuels re�lled in the tank of fuel ells are

hydrogen and oxygen (or air). Other fuels like hydroarbons need to be onverted to hydrogen
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via a reform devie. The hemial reations between the fuels (hydrogen and oxygen) release the

energy in the forms of eletrial energy and heat.

The earliest fuel ell an be traed bak to 1838. German physiist Christian Friedrih Shönbein

invented the �rst fuel ell by inserting two platinum wires in hydrogen and oxygen into hydro-

hlori aid. Nowadays, in almost 200 years' study, sientists have developed many di�erent

strutures of fuel ells. Aording to di�erent types of eletrolyte and di�erent operation tempe-

rature, fuel ells are lassi�ed into the following types : Polymer Eletrolyte Membrane Fuel Cell

(PEMFC), Alkaline Fuel Cell (AFC), Diret Methanol Fuel Cell (DMFC), Solid Oxide Fuel Cell

(SOFC), Molten Carbonate Fuel Cell (MCFC), and Phosphori Aid Fuel Cell (PAFC) [Nf℄.

Among them, the lightweight and ompat PEMFC (also alled Proton Exhange Membrane

Fuel Cell) is the most widely used for automotive appliations. A fuel ell stak in automotive

appliation is integrated with several individual fuel ells in order to deliver powerful enough

propulsion of vehiles.

1.2.1.2 Advantage and disadvantages

As opposed to internal ombustion engines (ICE), other than lower emissions and lean power

generation, fuel ells are more e�ient in energy onversion. For example, the energy e�ieny

of traditional internal ombustion engine is only about 25%, while PEMFC may reah energy

e�ieny up to 60%. This e�ieny may be inreased up to 85-90% if the produed heat an

be aptured and properly reused [SVP

+
91℄. Moreover, fuel ells an supply ontinuous energy as

long as the reatants are available. Hene, it may serve as energy generator and supply onstantly

the steady energy to vehiles.

Nowadays, fuel ell power generation systems have beome a primary hoie for eletri vehiles

to supply power to eletrial mahines. Many major manufaturers have invested in the studies

of fuel ell vehiles. January 2011, Meredes-Benz Class B F-CELL fuel ell vehiles, have om-

pleted global journey in 125 days ; General Motors Chevrolet Equinox 100 fuel ell vehiles have

ompleted 1.4 million miles in 2010 ; Daimler Motor Company has already announed their pro-

jet of industrialization of fuel ell ars in 2014 ; Other manufaturers like Toyota, Honda, GM,

Meredes-Benz, Audi, Hyundai et. have also shown their utting-edge tehnology and ambitions

in fuel ell vehiles [FCv℄.

In spite of the aforementioned advantages and despite the advaned tehnologies, there are still

some barriers in using fuel ells. Firstly, the fuel ell researh in automotive appliation is still

in the initial stage and is not as well developed as internal ombustion engines, whih leads to a

relatively high ost of fuel ell power system. Seondly, due to its eletrohemial harateristis,

it is unable to allow bidiretion urrent �ow. Current �owing into fuel ells may ause severe

damage, and therefore it is unable to apture braking energy during vehile deelerations. Thirdly,

fuel ells have relatively high internal resistane and show slow dynami response. This results

in di�ulties during old start-up. Besides, rapid load power demand during vehile aeleration

may ause fuel starvation phenomenon (drying of the FC membrane) and thus redue its lifetime.

Consequently, it requires a speial design while using fuel ells. Generally, a diode is utilized to

avoid the urrent �owing into the fuel ell. Furthermore, in order to solve the foregoing problems, a

hybridization of fuel ells with batteries and/or superapaitors is often applied. Batteries and/or

superapaitors, working as auxiliary devies, are able to realize braking reovery and supply
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power during aelerations. Thus, the hybrid power on�guration ompensates the inadequaies

of fuel ells and redues the overall size and ost as well.

1.2.2 Batteries

There are mainly three lasses of batteries : non-rehargeable (primary) batteries, rehargeable

(seondary) batteries and speialty batteries [WB04℄. As the names suggest, non-rehargeable

batteries annot be reharged and are therefore disarded one they are fully disharged. Rehar-

geable batteries may reover their original state of harge after disharged, and therefore widely

applied in portable eletroni devies, suh as laptops, mobile phones, ameras, et. Speialty

batteries are not ommonly used in daily life. They are speially designed to ful�ll some purposes

in military or medial appliations.

An automotive battery is neessary in traditional vehiles to supply eletrial power to the starter

motor, the lights, and the ignition system (SLI battery) of a vehile's engine. Lead-aid type is

the most frequently used SLI battery, and provide a relatively low voltage around 12V . For

heavy vehiles, suh as trators or highway truks equipped with diesel engines, the SLI battery

applied is about 24V . In eletri vehiles or hybrid vehiles, batteries serving as a power soure

of eletrial mahine are referred to as tration batteries. In parallel hybrid eletri vehiles, the

eletri motor shares the load demand with the engine. Aording di�erent operating modes,

the perentage shared by the eletri motor ould vary from 0 to 100%. This requires tration

batteries to have a relatively high energy storage apaity, so as to perfetly satisfy the load

demand.

1.2.2.1 Working priniple and harateristis

Batteries onvert the self-ontained hemial energy into eletrial energy on demand. A she-

mati of the struture and operation mehanism of batteries is depited in Figure 1.2. As shown

in the �gure, the basi elements of batteries are : an anode (positive eletrode), a athode (nega-

tive eletrode), and an eletrolyte. The athode is often made of materials easily loose eletrons

suh as zin or lithium. While the anode is often made of the ones easily aept eletrons suh

as manganese dioxide or lithium obalt oxide. The eletrolyte provides an environment where

the ions transport takes plae [WB04℄. In the �gure, the ions movement between the separated

eletrolyte is ahieved with the help of the bridge.

In 1780, the Italian physiian Luigi Galvani notied that a frog leg, whih ame into ontat with

opper and iron, repeatedly shrugged and thought it was an eletrial e�et. The �rst working

galvani element and thus the �rst battery was presented in the form of the voltai pile in 1800

by Alessandro Volta. A voltai ell is an eletrohemial energy storage means and an energy

onverter. During disharge, the stored hemial energy is onverted into eletri energy via

eletrohemial redox reation.

Rehargeable batteries an be lassi�ed into the following types : lead-aid battery, nikel-

admium battery, nikel-metal hydride (Ni-MH) battery and lithium-ion (Li-ion) battery. Among

them, lead-aid batteries have a relatively high energy storage apaity and low ost, thus oupy

a dominant position in the rehargeable market. Nikel-admium batteries are relatively old, and

have relatively small apaity. They have a memory e�et that need to fully disharge before

reharging, whih makes them inonvenient to users. That is why they are quikly replaed by
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Figure 1.2 � Shemati of struture and operation mehanism of batteries

Ni-MH batteries. Ni-MH batteries are a new generation of rehargeable batteries. They have

very high energy storage apaities, light weight, and almost no memory e�ets. They have been

applied in hybrid eletri vehiles. Li-ion batteries have very good appliation prospets. They

have a high voltage, high apaity, and no memory e�et. The self-disharge is only 0.5% - 2%

per month, while Ni-MH is around 25%. Li-ion batteries have been used in portable eletroni

devies. As the prodution tehnology beomes inreasingly sophistiated, Li-ion batteries are

expeted to replae Ni-MH and be used as on-board batteries in the near future [Re℄.

There are several riteria of hoosing battery systems, inluding self-disharge rate, harge time,

energy storage apability, ost and yle life, et. Based on an overall onsideration, in our study,

a 100V lithium-ion battery is hosen to supply energy to the eletri mahine used in our hybrid

eletri vehile.

1.2.2.2 Advantage and disadvantages

Battery has relatively high spei� energy but relatively low in spei� power. The power response

is faster than fuel ells, but slower than superapaitors. Batteries an be used in both eletri

vehiles and hybrid vehiles. Being di�erent from fuel ells, batteries ontain their hemial

materials inside, and thus they have a limited lifetime. A automotive SLI battery may last

around 6 years. When batteries reah their life limit, it is neessary to well dispose of. Otherwise,

the toxi materials in batteries may ause damage to the environment. Hene, battery is one

form of eletroni waste (e-waste).

Consequently, it is neessary to ontrol battery systems appropriately so as to maximize their

lifetime. In hybrid vehile appliations, transient peak power load demand is very likely to redue

batteries lifetime. As a result, it is neessary to limit the battery urrent slope. To ahieve this, a

superapaitor an be added to supply the transient peak power and apture the braking power.

1.2.3 Ultraapaitors

Ultraapaitors, also known as superapaitors or eletri double-layer (EDL) apaitor, are

applied in power eletronis area. For vehiular appliation, ultraapaitors serve as braking
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Figure 1.3 � Shemati of struture and operation mehanism of superapaitors

energy reovery and burst-mode power delivery devie.

1.2.3.1 Working priniple and harateristis

Superapaitors were �rst developed by General Eletri (GE) engineers in 1950s [JH07℄. Super-

apaitor is also alled ultraapaitor or eletri double-layer apaitor (EDLC). Figure 1.3 gives

a struture of the priniple of superapaitors. Comparing to apaitors, the anode and athode

of superapitors have muh higher surfae area, and thus an aumulate muh more harges at

the surfaes. Moreover, the arbon eletrodes have high energy storage apaity. Being di�erent

from fuel ells and batteries, the energy storage proess of superapaitors is not through hemi-

al reations, and thus is reversible. As a result, superapaitors an be repeatedly harged and

disharged hundreds of thousands of times.

Superapaitors exhibit a muh longer lifetime than batteries. Generally, superapaitors do

not rely on hemial hanges in the eletrodes. Their lifetime depends mainly on the rate of

evaporation of the liquid eletrolyte. 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

Superapaitors have a large apaitane density and very small time onstants due to their very

low internal resistanes. Therefore, they have advantages in appliations where a large amount of

energy in a relatively short period is demanded or where a very high number of harge/disharge

yles is needed. The energy density of Superapaitors is only about 10% of the same weight

batteries, while their power density is about 10 to 100 times greater [KL10℄. Ultraapaitors

have therefore muh faster harge and disharge yles. They also tolerate many more harge

and disharge yles than batteries. However, ultraapaitors alone annot supply load power

requirement due to its self-disharge property.

Stand-alone fuel ells or stand-alone batteries integrated into an automotive system are not

always su�ient to satisfy the load power demands. Due to the foregoing harateristis, ultra-
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Charge time

Disharge

Time

Spei� energy

(Wh/kg)

Spei� po-

wer (W/kg)

Life Cyle

Batteries 1∼5 hrs 0.3∼3 hrs 10∼100 < 1000 <1000

Ultraapaitors 0.3∼30 s 0.3∼30 s 1∼10 < 10, 000 > 500, 000

Capaitors 10−3∼10−6
s 10−3∼10−6

s < 0.1 < 100, 000 > 500, 000

Table 1.1 � Charateristis of di�erent devies (Soure : [Zho06℄)
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Figure 1.4 � Spei� energy and power of di�erent devies (Soure : [Zho06℄)

apaitors are suitable to be a supplement when a rapid load power is required. Ultraapaitors

an be used to apture large braking power during deeleration and provide transient peak power

demand during aeleration. Integrating ultraapaitors to energy storage systems of EVs and

HEVs will help redue the overall volume and extend the serving life. With proper ontrol stra-

tegy, this integration would also improve fuel e�ienies, redue exhaust emissions, and extend

the eletri driving ranges.

1.2.4 Comparisons of di�erent devies

Table 1.1 gives a omparison of the harateristis of batteries, ultraapaitors and onventional

apaitors in terms of harge/disharge time, spei� energy/power, and life yles. Figure 1.4

gives a omparison of spei� energy and spei� power of the three energy storage devies.

Spei� energy (Wh/kg) and spei� power (W/kg) are two important indiators of energy

storage devies. They desribe the energy and power apaities per unit mass of various devies.

The indiators are sometimes measured per unit volume, and are referred to as energy density

(Wh/L) and power density (W/L).

It an be seen from the �gure that the fuel ells have relatively high spei� energy but relatively

low spei� power. On the ontrary, the apaitors have high spei� power but low spei�

energy. The property of batteries is between them. Consequently, fuel ells and batteries are

often used to supply the main power, while superapaitors are used to meet the rapid power

requirements. The hybridization of di�erent devies improves the overall performane of the

system and redues the overall volume and ost.
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1.3 Hybridization of energy storage systems

We have seem from the setion above that fuel ells, batteries and ultraapaitors all have their

own advantages and disadvantages. Neither one of them an serve all appliations by themselves.

Hybridization of two or three of the energy storage systems an provide a better performane

and meet wider energy requirements. For hybrid vehiles, hybridization of energy storage systems

may also ontribute to improve fuel e�ieny indiretly [KL10℄.

Instead of using a signal power soure, the hybridization of multiple power soures may ahieve a

ompromise between the spei� power and the spei� energy. Generally, in the on�guration of

two power soures : we hoose one soure with high spei� energy and another with high spei�

power. The one with high spei� energy supplies the main energy required by the system. While,

the other one with high spei� power meets the load power demand in a short time. Thus, this

on�guration an provide rapid and additional power during aeleration when peak load power

is required, and ahieve a braking power reovery during deeleration. Besides, it has a longer

yle and servie life. Moreover, the overall size, volume and ost of the energy storage system

an be e�etively redued.

In a hybrid on�guration, the role of fuel ells and batteries is generally to supply main power to

the load, whereas ultraapaitors deal with the transients and non-stationary �utuating signals

during aeleration and braking. Di�erent topologies of hybrid energy soures have been studied

in the literature. This will be presented in the following setion.

1.3.1 Con�gurations of hybrid energy storage system

A hybrid energy storage system is omposed of fuel ells stak, battery paks and ultraapaitor

modules or any two of them. [WIAT11,TRD09℄ and [ABH11℄ give respetively two on�gurations

of hybrid energy storage systems with fuel ell, batteries and ultraapaitors for hybrid eletri

vehiles. The advantage of three energy storage soures ombination is that the battery an be

harged by the fuel ell when the load is relatively light.

[WIAT11, TRD09℄ propose a diret parallel onnetion of three energy soures. As shown in

Figure 1.5, the fuel ell, battery and ultraapaitor are onneted to the DC bus via a DC-DC

onverter respetively. Due to its symmetry and �exibility, it is easy to realize an energy analysis

and ontrol. Whereas, the number of the eletroni power devies in this topology is more than

in other topologies, and thus, this leads to a potential inrease of ost. In this on�guration,

the onverters onneted to batteries and ultraapaitors are bidiretional onverters allowing

a urrent �ow in both diretions, whereas, the onverter onneted to the fuel ells is a single

diretion onverter avoiding the urrent �ow into the fuel ells, in order to protet the fuel ells.

Other than a ombination of all three energy storage systems, a hybridization of two energy

soures is more ommon. [GFGJ10℄ researhes a fuel ell and batteries ombination applied

in Metro Centro tramway in Spain. [KP07℄ has studied fuel ell/battery hybrid vehiles. Ho-

wever, [Gao05℄ has ompared the performane of a fuel ell-battery hybrid system and a fuel

ell-ultraapaitor hybrid system and has onluded that the latter, with the existene of ultra-

apaitors, shows better performane, eonomizes more fuels, and meet better the load power

demand. Similarly, [BK08℄ has also done a omparative study by building an objetive funtion

inluding performane, fuel eonomy, and powertrain ost and has indiated that, among fuel
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Figure 1.5 � Parallel onnetion of fuel ells, batteries and ultraapaitors

ell-battery, fuel ell-ultraapaitor, and fuel ell-battery-ultraapaitor vehiles, fuel ell-battery

hybridization shown the poorest performane.

Compare to the hybridization of fuel ell and battery, the ombination of fuel ell/ultraapaitor

and battery/ultraapaitor show better performane and are preferred by most researhers. In

these two on�gurations, ultraapaitor e�etively omplements the ommon drawbaks of fuel

ell and battery, that is, respond for rapid dynami power demand will ause severe damage to

themselves. Thus, in this omplement struture, fuel ells or batteries, due to their high spei�

energy, play a role of supplying ontinuous steady energy. Whereas, ultraapaitor, due to its high

spei� power, serves as energy soure during aelerations to satisfy the peak power demand,

absorbs energy during deelerations and realizes braking energy reovery.

There are several topologies for hybridization of two energy storage systems [LMT13℄. Seven dif-

ferent topologies are depited in Figure 1.6. Here, we onsider only the hybridization of batteries

and UC. Similar topologies an be extended to the hybridization of any other two energy storage

systems.

In Figure 1.6(a), battery pak, paralleled with UC bank is diretly linked to the DC bus. The

battery harges the UC and supply power to the DC bus. This topology has an advantage of

simpliity ; however, it is lak of �exibility sine it is di�ult to ontrol the urrent �owing

through the battery and the UC, and the voltage on the DC bus is also unontrollable and

always varies with the battery voltage.

To inrease the �exibility, DC-DC onverters an be applied, Figure 1.6(b, , d) are three di�erent

asade topologies, also known as series topologies. In Figure 1.6(b), a bidiretional onverter is

added to onnet the UC and the DC bus. In this topology, the DC bus voltage an be boosted

to a desired value while it is still di�ult to regulate the power in the UC sine it operates at

the same voltage as the battery. Therefore, the topology is often referred to as a passive asade

struture [KL10℄. In Figure 1.6() and (d), two onverters are applied, and are often referred

to as ative asade struture due to their ontrol �exibility. Comparing to (d), () may boost

the DC voltage to a higher level due to the two onverters interfaing between the battery and

the DC bus. Therefore, it is possible to hoose a smaller size battery to satisfy the same power
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Figure 1.7 � Battery and UC sharing one ommon DC-DC onverter

requirement, and thus, redue the ost.

Other than asade onnetions, Figures 1.6(e, f, g) show three di�erent hybrid energy soures

topologies with parallel onnetions. (e) and (f), with only one onverter, are more simple but

less �exible than (g). In Figure 1.6(e), a DC-DC onverter onnets the UC to the DC bus,

making it possible to ontrol the power in the UC, and the DC bus voltage an be maintained

at a ertain value without regulation. In Figure 1.6(f), the onverter is linked on the battery

side, providing a higher and adjustable voltage in the DC bus. However, neither of these two

topologies allows ahieving an optimum power sharing between the batteries and the UC. To

ahieve this so as to extend the life yle of energy soures, the topology 1.6(g) is proposed and

is often referred to as an ative parallel struture. The two energy soures are onneted to the

DC bus by a onverter respetively. Many researhers have studied this topology and proposed

various ontrol strategies.

In order to redue the ost, size and omplexity of ontrol, researhers have proposed other

topologies to transform the foregoing topologies. [DC03℄ has proposed to onnet both battery

and UC to one ommon DC-DC onverter via two parallel swithes, as shown in Figure 1.7. In

this on�guration, the onverter is a two-quadrant DC-DC onverter and works in boost mode

when energy soures supply the load and works in buk mode for reovering braking energy to

reharge the batteries and the UC. The on�guration e�etively redues the number of onverters.

Whereas, it inreases the number of swithes and thus ompliates ontrol strategy.

[CE09℄ have proposed another topology, as shown in Figure 1.8. Being di�erent 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 an be swithed in to supply more power when a

high load power is required.

Other than the topologies aforementioned, researhers have also introdued galvani isolated

onverter into hybrid energy storage system. This is ahieved via replaing the two indutors

by a transformer. As shown in Figure 1.9 [OK12℄, with an integrated magneti struture, two

indutors share one ore. This on�guration e�etively redues the weight and volume of the

system. Moreover, due to the indutor oupling struture, the ripples of the input urrent and

the output voltage an be e�etively anelled, and the system responses to the load transients

are muh faster [OK12℄.
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1.3.2 Con�gurations of DC-DC onverters

In terms of galvani isolation, DC-DC onverters are divided into isolated onverters and non-

isolated onverters. Isolated onverter isolates the eletrial onnetion between input and output,

and this is ahieved by integrating a transformer in the eletri iruit. This on�guration is based

on the users' seurity onsideration. Moreover, it has strong noise and interferene bloking

apability, thus provides the load with a leaner DC soure whih is required by many sensitive

loads. Isolated onverters have been used in hybrid eletri vehiles. An isolated half bridge

based DC-DC bidiretional onverter is proposed in [HD08℄ for Plug-in Hybrid Eletri Vehile

appliations. In the onverter, the leakage indutane of the transformer is the primary energy

transfer element.

However, the existene of transformer requires a deoupling of the indutane, and thus makes

the ontroller design more ompliated. Furthermore, as opposed to ommon non-isolated DC-

DC onverters, isolated onverters are more bulky, heavier and ost more. Therefore, isolated

DC-DC onverters are not onsidered in our study.

For non-isolated onverter, as depited in Figure 1.10, there are three main topologies [SB03℄. As

shown in Figure 1.10(a), a basi bidiretional onverter, works in boost mode when the urrent

�ows forwards and works in buk mode when the urrent �ows bakwards. This topology is also

alled half-bridge on�guration. A ombination of two half-bridge forms a full-bridge buk-boost

onverter as shown in Figure 1.10(b). In this on�guration, the number of ative omponents

doubles, but the eletrial and thermal stresses of the iruit beome lower. Another ommon

on�guration is Cuk onverter, see Figure 1.10(). An advantage of Cuk iruit is that the input

and output urrent an be rather smooth without ripples. Therefore, it is quite suitable in fuel

ell appliations. However, Cuk onverter requires more ative omponents than the other two

onverters and onsequently leads to higher ondution loss and larger volume [TT13℄.
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Other DC-DC onverter topologies inlude parallel interleaved struture whih is a parallel

onnetion of swithing onverter with a shared input and output [BDB

+
14℄ ; hybrid swithed-

apaitor bidiretional onverter whih is a omposite of apaitors and swithes [PMC12℄ ; and

Z-Soure network onverter whih is a Z-form ombination of indutors and apaitors [Pen08℄.

In our study, a 4-quadrant bidiretional onverter, as shown in Figure 1.10(a), is favourable for

battery/UC hybrid energy soure system in hybrid eletri vehiles.

1.4 Control methodologies

In HEVs, in order to exploit the energy storage systems properly so as to extend their lifetimes,

inrease eletri drive range, improve energy e�ieny, and eonomizer fuel onsumption, proper

energy management for energy storage systems is quite neessary and has attrated the attention

of many researhers. Various ontrol strategies are disussed in this setion. Rule-based power

split ontrol ; ost funtion optimization ; wavelet-based load sharing algorithm, et. are proposed

onsidering power distribution between di�erent energy storage systems. Flatness-based ontrol,

polynomial (RST) ontrol, PI ontrol, sliding mode ontrol and passivity-based ontrol are also

applied onsidering the onverter harateristis.

1.4.1 Energy management

Generally speaking, energy management is to better exploit the hybrid energy storage system to

ooperate with vehiles operations. For a batteries/UC hybrid system, in order to satisfy the load
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Figure 1.11 � Commonly used driving yles

requirement, batteries need to supply sustainable and steady energy to the eletri mahine, so

as to support ontinuous propulsion. On the other side, UC needs to be responsible for vehiles

starts/stops, aeleration and deeleration. Spei�ally, UC is in harge of supplying peak power

during aeleration and absorbing braking power during deeleration. At the same time, it is

important to maintain the state of harge (SOC) in batteries and UC, this is re�eted in terms

of their terminal voltage. In order to manage the energy distribution of di�erent energy storage

and maintain the state of harge, an e�etive and powerful ontrol strategy is required to ahieve

a high performane. Over the past few deades, from power splitting strategy to power onverter

ontrol, researhers have made great e�orts to design suh a high-performane system.

1.4.1.1 Driving yle

Driving yle is an important standard of automobile operation. A driving yle is a urve

desribing the vehile veloity versus time under ertain tra� onditions suh as highways or

urban roads. There are di�erent driving yles proposed by di�erent organizations. In general,

there are three ountries generating driving yles whih are Europe (NEDC, ECE15), Japan

(10-15 Mode), and United States (FTP, SC03SFTP, UDDS, US06 andLA92) [TT13℄. The most

ommonly used are the EPA Federal Test Proedure (FTP-75), and the New European Driving

Cyle (NEDC) desribing urban driving onditions. Driving yle is used as a speed referene in

o�-line simulation to study the performane of propulsion system and the energy storage system.

As shown in Figure 1.11, NEDC is theoretially derived, thus its urve 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 ontrol is one of the supervisory ontrol methods of the overall low-level omponents

ontrol. Rule-based ontrol is based on human expertise, intuition and heuristi [TT13℄. The rules

are designed to share the load demanded power between primary and auxiliary energy soures.

The ontroller an be ahieved through fuzzy logi ontrol. Rule-based ontroller is favourable

due to its simpliity and possibility to implement onboard for real-time ontrol. However, it

requires a relatively large amount of alibration e�ort when applied on-line.
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Another supervisory ontrol method is optimization approah, whih is realized through opti-

mizing an objetive funtion. Optimization approah, whih is generally exploited to maximize

the e�ieny on the powertrain and minimize the losses, an be extended to manage the energy

distribution for hybrid energy system. Optimization approah inludes linear programming, dy-

nami programming (DP), stohasti DP, et. Suh an approah is based on a priori knowledge

of the power demands over a driving yle, and thus the results are not neessarily optimal when

it is implemented on-line.

[SSL14℄ presents a omparison of a preditive ontroller, a dynami programming algorithm,

and a rule-based strategy for vehiular batteries/UC hybrid system. Referring to the study,

all the three methods e�etively redue battery wear, and thus extend its lifetime. Moreover,

the designed dynami programming algorithm shows the best performane among these three

methods.

The main idea of energy management for hybrid energy system is that the auxiliary energy soure

UC should apture the dynami omponents of the load urrent while the primary energy soure

operates at a steady urrent level. Then the objetive is to get the urrent referene for UC.

Generally, this an be simply obtained by passing the load urrent through a high-pass �lter.

The �ltered high frequeny urrent is then the urrent referene for UC. However, simple �lters

may lead to a delay and thus the UC may not absorb the peak power promptly. [AS10℄ proposes

a low-phase-shift �lter to redue the phase shift introdued by the �lter.

[UA08℄ proposes a wavelet-base power sharing algorithm for fuel ell/UC hybrid vehiular power

system. The authors utilize ADVISOR, an e�etive analysis tool for vehile simulation, to get a

required power demand pro�le orresponding to the vehile driving yle, and then apply wavelet

transforms to the pro�le to �lter the transient sharp peak power demands. The obtained peak

power demand is then hosen as the power referene for UC.

[PPMT08,PPMTD11℄ propose a �atness-based ontrol for energy management of fuel ell/UC

hybrid power soure. The paper proves that the nonlinear di�erential equations desribing hybrid

energy storage system have �atness property. Hene, all states and inputs of the system an

be expliitly expressed in terms of the �at output and a �nite number of its derivatives. The

onsidered output of the system is the energy stored in the DC-bus apaitor. The system is

ontrolled by planning the desired referene trajetories on the �at output spae, and implement

state feedbak regulators to fore the states to follow their referenes.

1.4.2 Power onverter ontrol

If we ould say that energy management is a top-level ontrol, then the power onverter ontrol

ould be referred to as a low-level ontrol. Energy management is ahieved through power onver-

ter ontrol. Top-level ontrol alone is not enough, it gives only an general overview. The study

of power onverters is relatively developed. Various ontrol theory methods have been proposed

by researhers.

1.4.2.1 Linear ontrol

[WIAT11℄ applies traditional PI ontrollers to ontrol eah power onverter onneting the

energy storage system to the DC bus. As shown in Figure 1.12, power onverter output voltage
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an be regulated through a asade struture with a urrent inner loop and a voltage outer loop.

The urrent and voltage ontrollers an be simply realized with a proportional term and an

integral term.

[CGG

+
10,CDG12℄ propose a polynomial ontrol strategy, also known as RST digital ontrol,

for voltage and urrent management of battery/UC system. The prinipal ontrol struture is

presented in Figure 1.13. The key point of the ontrol strategy is to determinate R(z), S(z) and
T (z) polynomials. Where, R(z), S(z) are dedued from Diophantine equation. This algorithm is

robust and easy to implement in a miroontroller.

1.4.2.2 Sliding mode ontrol

Other than Pulse-width modulation (PWM) ontrol and peak urrent mode ontrol, sliding

mode ontrol gives another method to ontrol power eletri swithes. Being di�erent from other

ontrollers, sliding mode ontroller doesn't give a ontinuous duty yle signal for swithes but

a disontinuous ontrol signal whih an be diretly used to ontrol swithes. Consequently, this

property leads to a sti� pushing motion to the system and results in hatting problem. The basi

idea of sliding mode ontrol is to �nd the sliding surfae (see Figure 1.14) and fore the system to

move along the surfae until reahing the equilibrium point. The sliding mode along the sliding

surfae s = 0 is exist only when the ondition sṡ < 0 is satis�ed [UGS99℄.

For power onverter ontrol, sliding mode ontrol is often utilized to ontrol an inner urrent

loop in a asade ontrol struture to onverge the urrent to its referene [UGS99℄. [ABDM07℄

has proposed to apply sliding mode ontroller to energy management of fuel ell/batteries/UC

hybrid energy storage system. A asade ontrol on�guration with voltage ontrol as outer loop

and urrent ontrol as inner loop is applied. The sliding ontroller is used to ontrol the fuel ell
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onverter urrent and the UC onverter urrent. The outer voltage loop is ontrolled by a PI

linear ontroller.

In [DCC13b℄, the sliding mode ontroller is applied to a superapaitor onneted DC-DC onver-

ter to absorb the urrent disturbane in the DC bus. The sliding surfae is the error di�erene

between the urrent and its referene. The urrent referene is not a simple nominal value, but a

varying manifold aiming to absorb the urrent disturbane. The disturbane absorption objetive

is easily ahieved with sliding mode ontrol. More details an be �nd in the referene.

1.4.2.3 Passivity based ontrol

Passivity-based ontrol, �rst proposed by Ortega at the end of 20th entury, dealing with system

total energy, is a quite powerful nonlinear ontrol method. Consider a system with states x ∈ R
n

input u ∈ R
m

and output y ∈ R
m
, if there exists a non-negative storage funtion H(x) whih

an be written in the following form, then the system is said to be passive.

H[x(t)]−H[x(0)] ≤
∫ t

0
u⊤(s)y(s)ds (1.1)

The inequality an be rewritten as :

H[x(t)]−H[x(0)]

︸ ︷︷ ︸

stored energy

=

∫ t

0
u⊤(s)y(s)ds

︸ ︷︷ ︸

supplied energy

− d(t)

︸︷︷︸

dissipated energy

(1.2)

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(t) ≥ 0 is the dissipated energy

of the system.

Let the ontrol input u(x) = β(x(t)) + v(t), and make the following assumption :

−
∫ t

0
β⊤(x(s))ds = Ha(x(t)) + n0 (1.3)
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Where, n0 is a onstant of integration n0 = Ha(x(0)). Substitute u into (1.2), and after some

manipulation, we may get :

Hd(x(t))−Hd(x(0)) =

∫ t

0
v(s)⊤(y(s))ds − d(t) (1.4)

with energy funtion Hd(x(t)) = H(x(t)) + Ha(x(t)) being losed-loop energy. It an be seen

from (1.4) that with the new ontrol input v(t), the losed-loop system is still passive. Moreover,

if Hd(x) has a strit (loal) minimum at x∗, then x∗ is an equilibrium point, and Hd(x) dereases
while x onverges to x∗ asymptotially. This is the priniple of PBC.

Passivity based ontrol is designed via interonnetion and damping assignment, based on an

Euler- Lagrange model or a Hamiltonian model [OvdSME02℄. Passivity-based ontrollers have

been studied to ontrol a boost type and a buk-boost type DC-DC onverter in [SRO95℄. It has

been proved that an output voltage diret ontrol leads to an unstable ontroller, and thus, the

ontroller is based on an indiret urrent ontrol. PBC has also been studied in hybrid energy

storage systems. [ABH

+
10℄ applies PBC to a DC-DC onverter asade on�guration for fuel

ell/UC hybrid energy soure. The system is written as a port-ontroller Hamiltonian system,

and the ontroller is designed by preserving the system passivity.

1.5 Conlusions

In this hapter, we have summarized the priniples and harateristis of fuel ells, batteries and

UC, and analyzed their roles in EVs and HEVs. Fuel ells and batteries, due to their high energy

density, are often used to supply steady energy to the load. Fuel ells, primary energy soure, are

often applied in eletrial vehiles. Batteries work as primary soures mainly in HEVs. UC, due to

its high power density, is exploited to apture 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 di�erent hybridization strutures and various topologies of DC-DC

onverters in vehiular appliations. Among them, a parallel batteries/UC on�guration with

bidiretional DC-DC onverters is hosen in our study due to its �exibility. Furthermore, in order

to ontrol hybrid energy storage systems, and properly manage the energy distribution between

energy storage systems, a series of ontrol strategies and ontrol theory methods have been brie�y

presented. However, all these researhes aim to deal with instantaneous peak power. In our study,

we will fous not only on instantaneous peak power but also on sinusoidal disturbanes introdued

by ICE torque ripple ompensation, and this will be elaborated in the following hapter.
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2.1 Introdution

In this hapter we will disuss two types of disturbanes : transient and persistent disturbanes.

Both kinds of disturbanes exist in hybrid eletri vehiles. Transient disturbanes are mainly

aused by the instantaneous hange in power demand, while the persistent disturbanes are

originated from the reiproating motion of the piston in internal ombustion engine. In our

study, we fous mainly on the in�uene to DC eletrial part. The in�uene of the disturbanes

to DC eletrial part will be further explained, and the eletrial model will also be built in this

hapter.

For the past many years, to suppress and attenuate persistent disturbanes, researhers have

made great e�orts and resumed a large amount of theories. In 1970s, Franis and Wonham have

studied disturbane rejetion for linear time-invariant and �nite-dimensional systems and pro-

posed the internal model priniple whih de�nes the feedbak ontroller struture. Under the

inspiration of Franis and Wonham, Byrnes, and Isidori have extended the theories to nonlinear

systems and published their ontributions in 1990s. Afterwards, an inreasing number of resear-

hers get interested in the related study. It is worth mentioning that Van der shaft has applied

and extended some related theories to a typial lass of system, port-ontrolled Hamiltonian

system. In this hapter, we will review the main ontributions of the predeessors on disturbane

rejetion for linear and nonlinear systems and then we attempt to solve our problem in hybrid

eletri vehiles with some related theories.

For our problem, the system is a non-linear system and spei�ally a port-ontrolled Hamiltonian

system. However, the aforementioned theories annot be applied in a diret manner. The problem

remains omplex, yet it is undeniable that the attempt to apply the related theories provides a

lue to solve our problem and widen the horizon.

2.2 Disturbanes in eletrial part of HEVs

A hybrid eletrial vehile onsists of an internal ombustion engine and an eletri mahine.

Referring to [Nje11℄, there exist several interonnetions between the engine and the eletri

mahine, suh as series, parallel and hybrid onnetion. In our study, we onern the HEV with

the ICE onneted in parallel to a PMSM, providing propulsion to the load vehile. As shown

in Figure 2.1, for the mehanial part, the ICE and the PMSM are onneted in parallel and

deliver propulsion to the load. For the eletrial part, a hybrid energy storage system (batteries

and ultraapaitors) supplies power to the PMSM interfaing DC-DC onverters and a DC-AC

onverter. The presene of the DC-DC onverters makes the whole system more �exible and

easier to ontrol.

2.2.1 Mehanial equations

The in�uene of the vehile speed to eletrial DC part an be seen from mehanial and eletrial

equations. For sake of simpliity, negleting the in�uene of the onnetion belt, the mehanial

equation on the shaft an be written as :

Jω̇m = (Tp + Ti)− Tpmsm − Tl (2.1)
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Figure 2.1 � Battery/Ultraapaitor hybrid energy storage system in hybrid eletri vehiles

where, J is the mass moment of inertia, ωm is the rotational speed, Tpmsm is the PMSM torque,

Tp is the torque generated by the pressure in the ylinder in the ombustion proess, Ti is the

torque generated by the osillating masses and onneting rod, Tl is the load torque.

Equation (2.1) shows the relation between torques and the rotational speed. It an be seen that

the ontrol of the variation of the speed an be ahieved through torque ontrol. When a vehile

is running steadily, it is desired that the vehile runs as smooth as possible, as a result, in order

to obtain a onstant speed, the torques need to satisfy the following equation :

Tpmsm = (Tp + Ti)− Tl (2.2)

It is well known that the torque on the shaft generated by the ICE is due to the movement of

pistons in the ylinders, whih leads to ripples on the torque. Mehanial and hemial researhers

have attempted to solve the problem in their domains. Traditionally, a �ywheel is added to

smooth the rotational speed by inreasing the inertia, and the speed gets smoother as the size

of the �ywheel inreases. However, the size of �ywheel annot inrease in�nitely beause large

�ywheel inreases the weight of vehiles and makes it di�ult to spin up. Consequently, we

attempt to solve the problem of torque ripples in eletrial domain. [NCCM11℄ does a ontribution

and proposes several ontrol algorithms to ontrol the DC-AC onverter. Through the designed

ontrollers, the PMSM generates torque ripples that ompensate the ones generated by the ICE,

whih ahieves an "ative �ywheel". Herein, we onsider only the DC-DC onverters with the

same objetive that is to ontrol the torque of the PMSM, so as to ompensate the torque ripples

generated by the ICE.

2.2.2 Eletrial equations

Consider a dynami model of PMSM expressed in the dq referene frame rotating at the same

speed as the rotor. Set the d axis urrent id to 0, then the torque generated by the PMSM Tpmsm
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is proportional to the q axis urrent iq :

Tpmsm =
3

2
pφmiq (2.3)

where, p is the number of pair poles and φm is the magnet �ux of the PMSM rotor. Thereby, the

PMSM torque ontrol an be ahieved via the ontrol of the urrent iq.

As shown in Figure 2.1, the power of the PMSM is supplied by the hybrid energy storage system

through DC-DC onverters and a DC-AC onverter. From energy onservation point of view,

negleting the losses in the iruit, the power on the DC bus (VdcIdc) equals to the PMSM power

(Ppmsm). This is equivalent to :

VdcIdc = Ppmsm = Tpmsmωm =
3

2
pωmφmiq (2.4)

Therefore, the power in the DC bus is related to the PMSM power. If we suppose that the voltage

on the DC bus is onstant, then the urrent in the DC bus varies as Ppmsm varies.

2.2.3 Current disturbanes in DC bus

The mehanial and eletrial relations an be seen from the equations above. As aforementioned,

in order to ahieve a smooth rotational speed, the torque Tpmsm is required to ompensate the

torque ripples generated by the ICE. In other words, the ripples are thus introdued in the PMSM

torque. Referring to equation (2.3), these ripples, being regarded as persistent disturbanes, are

transferred to the urrent iq, and then transferred to the DC bus, and thus leads to persistent

disturbanes in the DC bus.

It is not di�ult to understand that the phenomenon of ripple torque gets more obvious as the

rotational speed redues, and the ripple disturbanes are quasi-periodial. Referene [NCCM11℄

presents a frequeny analysis of rotational speed signal for a single-ylinder diesel engine under

low rotational speed. Referring to this analysis, the speed signal is omposed of a onstant

omponent and di�erent sinusoidal harmonis that are multiples of the 7.5Hz whih orresponds

to the fundamental of a low rotational speed 900rpm(94.2rad/s).

Other than the persistent disturbanes in the DC bus due to the torque ripple ompensation

when vehiles run smoothly, there exists another type of disturbane. During aeleration or de-

eleration, when the PMSM works in motor mode and large power is demanded instantaneously,

or when the PMSM swithes to generator mode and the power is fed bak, the variation of Ppmsm

an be regarded as a step signal and thus introdues a step variation (in other words, transient

disturbane) in the DC bus.

Without loss of generality, both transient disturbanes and persistent disturbanes in the DC bus

are onsidered in our study. The disturbanes in the DC bus an be onsidered as an exogenous

in�uene generated by an exogenous system. The exogenous in�uene to the DC bus an be

desribed as an external urrent ω. It an be deomposed into a onstant omponent and a

variable omponent, i.e.,ω = ω̄+ω̃, where, ω̄ represents the onstant omponent and ω̃ represents

the variable omponent, whih is the disturbane that we want to rejeted.

Mathematially, disturbanes ω̃ ould take the following two forms :

� Persistent disturbane ω(t), is a periodial disturbane, and de�ned as ω(kT ) = ω((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 disturbane and harmoni deomposition

� Transient disturbane ω(t), de�ned as ω(t1) = ω(t1 + T ) in the time interval [t1; t1 + T ],
with T ≥ 0.

Figure 2.2 and Figure 2.3 give an example of persistent disturbanes and transient disturbanes

respetively. Based on the harmoni deomposition method (a reurrene least squares algorithm

with a forgetting fator) used in referene [NCCM11℄, the external urrent an be deomposed

into a onstant omponent and di�erent harmoni omponents. This is to say, ω = ω̄ + ω̃1 +
ω̃2 + ω̃3 + · · · , where, ω̃i (i = 1, 2, 3, · · · ) are sinusoidal omponent with di�erent frequenies.

Herein, for sake of simpliity, we take only one harmoni ω̃1 into onsideration. Same priniples

an be extended to other harmonis. The ontroller dealing with the persistent disturbane an

be onstruted by a ombination of the subontrollers dealing with eah harmoni. Moreover,

when ω̄ < 0, it orresponds to the PMSM working in motor mode. Likewise, when ω̄ > 0, it
orresponds to the PMSM working in generator mode.

2.2.4 Control objetives

Now that we have introdued the origins and the mathematial expressions of the two types of

disturbanes, it is obvious that the ontrol objetive is to ahieve disturbane rejetion. The idea

of disturbane rejetion is to rejet the disturbanes in the battery by absorbing them via the

ultraapaitor. This is atually re�eted in the onstrution of an "ative damping".

Spei�ally, if the battery is the only power soure to feed the PMSM, then the disturbanes

in the DC bus may be transferred totally to the battery and result in an osillating or a step

urrent in the battery, whih will ause severe damage to the battery and redue its lifetime.

Therefore, it is neessary to design an �ative damping" whih gives an e�et that redues the

amplitude of osillations and the rapid variations in the battery. Taking this into onsideration,

the ultraapaitor is utilized to play the role of �ative damping". It is onneted to the DC

bus through another DC-DC onverter and aims to absorb the disturbanes through an e�etive
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high-performane ontroller. The ontroller needs to be well-designed and this is a main task of

our study.

The ontrol objetive for the DC-DC onverters is lear. In summary, the ontrol of the hybrid

energy storage system aims to maintain a onstant voltage in the DC bus ; moreover and most

importantly, to absorb the transient and persistent disturbanes by the ultraapaitor ; meanwhile

to maintain the voltage of the ultraapaitor around its nominal value.

2.3 Disturbane rejetion theories

Figure 2.4 gives the on�guration of a plant with exogenous disturbanes generated by an exo-

system. The disturbane rejetion problem an be expressed as to �nd an error output feedbak

ontroller to drive the error output to zero as time goes to in�nity.

exosystem

ontroller

plant

yu

ω

e

Figure 2.4 � System with exogenous disturbanes
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As aforementioned, in our study, we onsider transient disturbanes and persistent disturbanes.

Here, we onsider persistent disturbanes �rst. Persistent disturbanes are quasi-periodial dis-

turbanes, so an be onsidered as the output of the following linear exosystem :

ω̇ = s(ω) = Sω (2.5)

with

S =
















0
0 α1

−α1 0
0 α2

−α2 0
.

.

.

0 αk

−αk 0
















, α1,2,··· ,k 6= 0

Thus, ω orresponds to sinusoidal signals, and αi(i = 1, 2, · · · , k) orresponds to the frequeny of

eah sinusoidal element. However, the information of phase is not inluded in this representation.

The plant in Figure 2.4 ould be linear or non-linear. Researhers have made great e�ort for linear

and non-linear output regulation problem for deades. We will resume the main ontributions

and important results in this setion and attempt to apply them to our problem.

2.3.1 Linear systems

Early in 1970s, Franis and Wonham have studied output regulation for linear time-invariant and

�nite-dimensional systems, this problem is onerned with designing a ontrol law for a plant

suh that the output of the plant asymptotially traks a lass of referene inputs and rejets a

lass of disturbanes. Moreover, they have studied the situation when ertain plant parameters

vary, whih is referred to as struturally stable output regulation [FSW74,FW76℄.

A main ontribution of Franis and Wonham is the internal model priniple whih laims that

a ontrolled system is struturally stable only if the ontroller utilizes feedbak of the regulated

variables and inorporates in the feedbak path a suitably redupliated model of the dynami

struture of the exogenous signals [FW76℄. The priniple gives an important overview of the

ontrol law. Another ontribution of Franis and Wonham is a series of Sylvester equations whih

are named as regulator equations. They have proved that the solvability of regulator equations

is a neessary ondition for the solvability of a struturally stable output regulation problem for

linear systems.

Consider a linear plant and an exosystem in state spae representation :

ẋ = Ax+Bu+ Ewω

y = Cyx+Dyuu+Dywω

e = Cex+Deuu+Dewω

ω̇ = Sω

(2.6)

The equations desribe a plant with state x ∈ R
n
, ontrol input u ∈ R

m
, measurable output

y ∈ R
p
and error output e ∈ R

q
. The exosystem with state ω ∈ R

s
generates exogenous input
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to the plant. It an be seen that when Ew = 0 and Dyw = 0, and let −Dewω be a referene,

the problem beomes a lassial referene traking problem, what the exosystem generates is

only the referene, and what the ontroller needs to do is only to trak the referene. However,

when Ew 6= 0 and Dyw 6= 0, the system beomes more omplex, and represents a system with

exogenous disturbanes. The ontrol objetive is to ahieve disturbane rejetion.

It is neessary to make the following three assumptions :

� A1 : The pair (A,B) is stabilizable.
� A2 : The pair (Cy, A) is detetable.
� 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 matries Π and Γ suh that the following Sylvester equations are

satis�ed.

ΠS = AΠ+BΓ + Ew

0 = CeΠ+DeuΓ +Dew

(2.7)

The existene of Π and Γ satisfying the regulator equations (2.7) is a neessary ondition for

the solvability of output regulation problem for linear system. As a matter of fat, Πω and Γω
provide a mapping for the state x and the input u respetively to reah their desired equilibrium.

Therefore, the existene of the matries Π and Γ implies the existene of suh mappings or suh

paths to the desired equilibrium.

2.3.1.2 Feedbak ontrollers

State feedbak

When y = x, whih means that all states are measurable, the regulator is a state feedbak

ontroller :

u = Fx+ (Γ− FΠ)ω (2.8)

where, F is an arbitrary matrix suh that all the eigenvalues of A+BF have negative real parts.

This an be easily proved by variable replaement. Replaing x by x̃ = x−Πω, we obtain :

˙̃x = (A+BF )x̃

e = (Ce +DeuF )x̃+ (CeΠ+DeuΓ +Dew)ω
(2.9)

When CeΠ + DeuΓ + Dew = 0, we have limt→∞e(t) = 0. The stability is guaranteed by the

stability of A + BF . It an be seen that the variable replaement atually transform x to x̃
through mapping Πω, where the error output onverges to zero.

Output feedbak

More general ases when y 6= x, the regulator is an observer based ontroller and has the following

form : (
˙̂x
˙̂ω

)

=

(
A Eω

0 S

)(
x̂
ω̂

)

+

(
B
0

)

u+

(
KA

KS

)[
(
Cy Dyw

)
(
x̂
ω̂

)

− y

]

u =
(
F (Γ− FΠ)

)
(
x̂
ω̂

) (2.10)
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where, KA,KS and F are matries suh that all the eigenvalues of matries

A+BF and

(
A+KACy Ew +KADyw

KSCy S +KSDyw

)

have negative real parts.

Take v =

(
v1
v2

)

=

(
x̂
ω̂

)

, then the ontrol algorithm (2.10) an be written in a general form as

follow : {

v̇ = Acv +Bcy

u = Ccv +Dcy
(2.11)

with

Ac =

(
A+KACy +BF Ew +KADyw +B(Γ− FΠ)

KSCy S +KSDyw

)

Bc = −
(
KA

KS

)

Cc =
(
F Γ− FΠ

)

Dc = 0

It is worth mentioning that the ontrol algorithm (2.11) an be dedued from a designed system

(2.12) with no onstraint, then the ontrol algorithm to this auxiliary system is equivalent to the

output feedbak ontroller of system (2.6) [SSS03℄ :

˙̄x = Āx̄+ B̄ū

ȳ = C̄yx̄
(2.12)

with

Ā =

(
A −BΓ
0 S

)

B̄ =

(
0 B
I 0

)

C̄y =
(
Cy Dyw + CyΠ

)

The ontrol algorithm to the auxiliary system is :

{

ς̇ = Ācς + B̄cȳ

u = C̄cς + D̄cȳ
(2.13)

with

Āc =

(
S + D̄c1(Dyw + CyΠ) C̄c1

B̄c1(Dyw + CyΠ) Āc

)

B̄c = −
(
D̄c1

D̄c2

)

C̄c =
(
−Γ + D̄c2(Dyw + CyΠ) C̄c2

)

D̄c = D̄c2

The ontrol algorithm (2.13) an be expliitly rewritten as :

ς̇1 = Sς1 + C̄c,1ς2 + D̄c,1ȳ

ς̇2 = Ācς2 + B̄cȳ

u = −Γς1
︸ ︷︷ ︸

u1

+ C̄c,2ς2 + D̄c,2ȳ
︸ ︷︷ ︸

u2

(2.14)
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ς̇1 = Sς1 + µ1

−Γ

Dyw + CyΠ

ς̇2 = Ācς2 + B̄cȳ

u2 = C̄c2ς2 + D̄c2 ȳ

µ1 = C̄c1ς2 + D̄c1 ȳ

ȳy

+

µ1

ς1

u2 u

u1

Figure 2.5 � Output regulator for linear systems

where, ȳ = (y + (Dyw + CyΓ))ς1. The output feedbak ontroller an be depited in Figure 2.5.

It an be seen from the �gure that the ontroller is the sum of two subontrollers.

2.3.2 Nonlinear systems

In 1990s, Isidoris et al. have extended the linear output regulation theories to nonlinear systems

and published their studies [BPI97,IB90,BPIK97℄. Huang have done some further ontributions

afterwards [HL93,Hua01℄. In this setion, we resume the main results of error output regulation

for nonlinear systems with exogenous disturbanes in ontrat with linear systems. Consider the

state spae representation of a nonlinear system with exogenous disturbanes :

ẋ = f(x, u, ω)

ω̇ = s(ω)

e = h(x, ω)

(2.15)

where, system state x ∈ R
n
, ontrol input u ∈ R

m
, and error output e ∈ R

q
. The exosystem with

state ω ∈ R
s
generates exogenous input to the plant. The objetive is to �nd an error output

feedbak regulator to drive the error output to zero as time onverges to in�nity.

Similar with linear systems, the related theories are based on the following hypotheses :

� H1. ẋ = f(x, u, 0) is loally exponentially stabilizable at equilibrium point.

� H2. ẋ = f(x, 0, ω) is loally exponentially detetable at equilibrium point.

� H3. The Jaobin matrix S = ∂s
∂ω

(0) has all eigenvalues on the imaginary axis.

2.3.2.1 Regulator equations

One of the main ontributions of Isidoris et al. is that they found the Sylvester equations for

non-linear systems orresponding 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 neessary onditions for the existene of ontroller for nonlinear systems. Mathematially

represented as :
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Lemma 2.3.2. The nonlinear output regulation problem is solvable if there exist mappings x =
π(ω) and u = c(ω), satisfying the following regulator equations :

∂π

∂ω
s(ω) = f(π(ω), c(ω), ω)

0 = h(π(ω), ω)
(2.16)

The regulator equations (2.16) express the property that the mapping x = π(ω) provides a

desired invariant manifold on whih the error is zero, and the mapping u = c(ω) drives the plant
to this manifold. The existene of the mappings x = π(ω) and u = c(ω) implies the existene of

this desired manifold and the existene of the path from the plant to this manifold. Therefore,

it is a neessary ondition for the solvability of a non-linear error output regulation problem.

2.3.2.2 Linear ontrollers

If the regulator equations are satis�ed, then there exists a ontroller in the following general

form :

ξ̇ = ϕ(ξ)

u = γ(ξ)
(2.17)

Now we are on the point to de�ne the spei� form of the ontroller. Generally, the ontroller

ould be linear or nonlinear. Due to the omplexity and diversity of nonlinear systems, it is

rather di�ult to desribe the form of a nonlinear ontroller. Furthermore, taking into aount

the losed-loop stability, despite the Lyapunov stability theory, it remains di�ult to exam the

stability of a lose loop interonneting a non-linear plant and a non-linear ontroller. Therefore,

Isidoris et al. onsider the linearization of the plant, and attempt to design a linear ontroller to

solve the problem. The linearization of the plant leads to the following matries :

A =

[
∂f

∂x

]

(0,0,0)

, B =

[
∂f

∂u

]

(0,0,0)

, C =

[
∂h

∂x

]

(0,0)

.

Isidoris et al. also give onditions of the existene of linear ontrollers, as desribed in the following

proposition.

Proposition 2.3.3. The assumptions H1 and H2 hold. The output regulator for nonlinear system

(2.15) an be a linear ontroller if there exist mappings x = π(ω) and u = c(ω), with π(0) = 0
and c(0) = 0, satisfying the regulator equations (2.16) with c(ω) suh that, for some set of q real

numbers a0, a1, · · · , aq−1,

Lq
sc(ω) = a0c(ω) + a1Lsc(ω) + · · · + aq−1Lq−1

s c(ω) (2.18)

and moreover the matrix (
A− λI B

C 0

)

is nonsingular for every λ that is a root of the polynomial

p(λ) = a0 + a1λ+ · · · + aq−1λ
q−1 − λq

(2.19)

having non-negative real part.
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e
+

+

Plant

Exosystem

ω

u

ξ̇0 = Kξ0 + Le

us = Mξ0

ξ̇1 = Φξ1 +Ne

ui = Υξ1

Internal model

Stabilizer ontroller

ω̇ = s(ω)

ẋ = f(x, u, ω)

e = h(x, ω)

Figure 2.6 � Struture of the ontrolled system for nonlinear ase

In the terminology of [BPIK97℄, the ondition (2.18) indiates that the system {W, s, c} 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(ω).
{

ξ̇ = Φξ

u = Υξ
(2.20)

with

Φ =










0 1 0 0 · · · 0 0
0 0 1 0 · · · 0 0
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

0 0 0 0 · · · 0 1
0 a1 0 a3 · · · ar−2 0










Υ =
(
1 0 0 · · · 0

)

Furthermore, the proposition (2.3.3) gives an abstrat ondition under whih the system {W, s, c}
is immersed into a linear system. A partiular ase yet a onrete example is when the mapping

c(ω), whih satis�es the regulator equation (2.16), is a polynomial in ω. It an be easily veri�ed

that a polynomial c(ω) ful�lls the ondition (2.18). Consequently, if there exists a mapping c(ω)
that is a polynomial in ω, then it is immersed into a linear system driving the plant to the

desired invariant manifold on whih the error is zero. This is to say that it is possible to �nd a

linear ontroller to solve the non-linear error output regulation problem. The ontroller (2.17)

may have the following form :







ξ̇0 = Kξ0 + Le

ξ̇1 = Φξ1 +Ne

u = Mξ0 +Υξ1

(2.21)

Figure 2.6 gives a struture of the whole system interonneting the plant, the exosystem and the

error output feedbak ontroller. It an be seen that the ontroller onsists of two subontrollers.

One subontroller is : {

ξ̇0 = Kξ0 + Le

us = Mξ0
(2.22)
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and the other subontroller is : {

ξ̇1 = Φξ1 +Ne

ui = Υξ1
(2.23)

The subontroller (2.23) is to generate a desired manifold, whih is referred to as an internal

model, while the subontroller (2.22) is to stabilize the interonnetion of the plant and the

internal model.

2.3.2.3 System stability

The matries in the ontroller K,M,L,N are hosen to stabilize the matrix (2.24) whih hara-

terizes the losed-loop system. The ontrolled system is asymptotially stable when the matrix

(2.24) has all eigenvalues with negative real part.





A BM BΥ
LC K 0
NC 0 Φ




(2.24)

2.3.3 Hamiltonian systems

In the last setion, we resume the theories of error output regulation for non-linear plant with

exogenous disturbanes. Isidoris et al. introdue linear ontrollers to solve the problem, and

verify the system stability based on system linearization. Van der Shaft et al. have extended the

theories to port-ontrolled Hamiltonian systems and have proved that for a lass of Hamiltonian

systems, it is possible to design an error output regulator as a Hamiltonian system and guarantee

the whole stability by ful�lling the LaSalle's invariant priniple [GvdS03℄. Some related studies

are presented in this setion.

Consider a port-ontrolled Hamiltonian system with exogenous disturbanes desribed by :







ẋ = f(x, u, ω) = [J (x, ω)−R(x, ω)]
∂H(x, ω)

∂x
+ g(x, ω)u

e = h(x, ω) = g⊤(x, ω)
∂H(x, ω)

∂x
ω̇ = s(ω)

(2.25)

where, H = 1
2x

⊤x. Notie that the port-ontrolled Hamiltonian system (2.25) has a speial form.

That is, the input and the output are onjugated variables, in the sense that their duality produt

de�nes the power �ows exhanged with the environment of the system, suh as, the urrents and

voltages in eletrial iruits.

As desribed in the setion of nonlinear system, the solvability of the regulator equations is

a neessary ondition for the existene of error output feedbak ontroller. Proposition 2.3.4

presents all neessary onditions for the existene of suh a ontroller and laims that under

these onditions, it is possible to design the internal model of the ontroller as a port-ontrolled

Hamiltonian system instead of a linear system.
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Proposition 2.3.4. The assumptions A1 and A2 hold, it is possible to design an internal model

unit as a port-ontrolled Hamiltonian system to solve the error output regulation problem for

system (2.25) if there exist mappings x = π(ω) and u = c(ω), with π(0) = 0 and c(0) = 0,
satisfying the regular equations (2.16), and c(ω) a polynomial of ω.

2.3.3.1 Hamiltonian system ontroller

Through some linear transformation, it an be dedued that the linear system (2.20) is immersed

into (equivalent to) another linear system :

{

ż = Ψz

u = Λz
(2.26)

with r = 2nk + 1 and,

Ψ =














0 ω̂1

−ω̂1 0
0 ω̂2

−ω̂2 0
.

.

.

0 ω̂nk

−ω̂nk
0














Λ =
(
1 0 1 0 · · · 1 0

)⊤

through linear transformation z = Tξ

T−1 =
(
Λ ΛΨ ΛΨ2 · · · ΛΨr−1

)⊤

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

ż = Ji
∂Hi

∂z

u = Λ
∂Hi

∂z

with Ji = Ψ and Hi =
1
2z

⊤z. Thus, the internal model (2.23) an be written as a port-ontroller

Hamiltonian system :

ż = Ji
∂Hi

∂z
+ gie

ui = g⊤i
∂Hi

∂z

(2.27)

with gi = Λ⊤
.

As presented before, an error output feedbak ontroller onsists 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 fat, due to the onjugated struture of Hamiltonian system (2.25), the stabilizer

us an simply be :

us = −e (2.28)

This an be veri�ed through the examination of the losed-loop system stability.
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2.3.3.2 System stability

The losed-loop system interonneting the plant, the exosystem and the error output feedbak

ontroller an be written in port-ontrolled Hamiltonian form :





ẋ
ż
ω̇



 =









J (x, ω) g(x, ω)g⊤i 0
−gig(x, ω)

⊤ Ji 0
0 0 S



−





R(x, ω) 0 0
0 0 0
0 0 0













∂H
∂x
∂Hi

∂z
∂Hw

∂ω



+





g(x, ω)
0
0



us

(2.29)

It an be veri�ed that the total Hamiltonian Htot and its �rst order derivative ful�ll the Lyaponov

energy theory.

Htot = H +Hi +Hw = H +
1

2
z⊤z +

1

2
ω⊤ω ≥ 0

Ḣtot = −y2 − ∂⊤H
∂x

R(x, ω)
∂H
∂x

≤ 0

(2.30)

Therefore, the designed internal model and the stabilizer ontroller solve the error output re-

gulation problem for Hamiltonian system (2.25). However, the designed ontroller an only be

applied to Hamiltonian systems with speial onjugated struture as desribed before. It is easy

to see that the stabilizer beomes muh more omplex to determine without this partiularity.

Therefore, the ontroller annot be applied to other Hamiltonian systems straightforwardly, and

the error output regulation problem for nonlinear systems with exogenous disturbanes remains

open to researhers.

2.4 Theory appliation

Now that we have summarized the related theories about output regulation for linear and non-

linear systems with exogenous disturbanes, we attempt to apply the theory to our problem. As

mentioned in setion 2.2, the disturbane to the paralleled DC-DC onverters is onsidered as an

exogenous urrent input ω. The objetive is to ontrol the two DC-DC onverters to maintain a

onstant DC voltage and more importantly, to absorb the disturbanes by the ultraapaitor.

Consider the topology in Figure 2.7. The hybrid energy storage devies are onneted through

two DC-DC onverters in parallel. The battery is supposed to maintain the voltage in the DC

bus, and the ultraapaitor is expeted to absorb the disturbanes. As a result, it is possible

to onsider them separately. In this way, the multi-input multi-output system is simpli�ed into

two single-input single-output systems. Spei�ally, we separate the system into a battery side

onverter with onstant external urrent and an ultraapaitor side onverter with exogenous

persistent disturbane.

The ontroller for the battery side onverter an atually be solved with lassi passivity-based

ontrol method. While the problem for the ultraapaitor side onverter with exogenous persistent

disturbane an be regarded as an output regulation problem for a nonlinear system with an

exogenous disturbane. Therefore, the aforementioned theories an be applied. In this setion,

we �rst present the design of the battery side ontroller based on passivity-based ontrol, and

then elaborate the output regulator design for the ultraapaitor side onverter. The simulation

results are given and prove the e�etiveness of the ontrollers.
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s2

3ss1

s4
+

−

++

−

−

C

IL2L2

ω1 = ω̄ + ω̃1

L1

E

r
1− u 1− µ

IL1

µu

Vdc Csc Vsc

Figure 2.7 � Considered topology of the hybrid energy storage system

2.4.1 Battery side onverter

The average model of the DC-DC onverter an be written with Euler-Lagrange approah as the

following form :

L1İL1 + uVdc + rIL1 = E

CV̇dc − uIL1 = ω̄
(2.31)

where, IL1 is the urrent �owing through the indutor L1, Vdc is the output apaitor voltage, r
is the battery inner resistor and u is the duty yle of ontrol input signal for the swith.

For lassial boost iruit topology, diret output voltage ontrol is not feasible sine the zero

dynamis of the system orresponding to the output voltage is unstable. The voltage regulation is

therefore implemented through indiret urrent ontrol [OPNSR98℄. Fortunately, for the topology

shown in Figure 2.7, the zero dynami analysis assoiated to the output voltage is stable under

ertain onditions, and thus it is possible to diretly ontrol the output voltage, i.e., the DC bus

voltage. Combine equation (2.31) by eliminating IL1 , one may get the following input-output

di�erential equation :

CV̈dc − [−1

u
(u̇− u

r

L1
)(ω̄ − CV̇dc) + u

E

L1
− u2

Vdc

L1
] = ˙̄ω (2.32)

Let V̈dc = V̇dc = 0 to obtain the zero dynami at the desired equilibrium point Vdc = V ∗
dc :

u̇ = − u

L1ω̄
[u2V ∗

dc − uE − (rω̄ + L1 ˙̄ω)] (2.33)

The equilibrium points for the above zero dynamis expression are :

u = 0 ; u =
1

2V ∗
dc

[

E ±
√

E2 + 4V ∗
dc(rω̄ + L1 ˙̄ω)

]

Among them, u = 1
2V ∗

dc

[

E +
√

E2 + 4V ∗
dc(rω̄ + L1 ˙̄ω)

]

is the only point whih has physial signi-

�ane. As long as the stability of this equilibrium point is guaranteed, the voltage regulation

an be ahieved through diret ontrol. A phase-plane diagram of equation (2.33) is drawn in

Figure 2.8.
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uu = 0

u =
E−
√

E2+4V ∗
dc(rω̄+L1 ˙̄ω)

2V ∗
dc

u̇

u =
E+
√

E2+4V ∗
dc(rω̄+L1 ˙̄ω)

2V ∗
dc

u = 1

Figure 2.8 � Zero dynami orresponding to the output voltage

As the arrows illustrate in the �gure, while u̇ < 0, u dereases ; while u̇ > 0, u inreases. Hene,

the equilibrium point is loally stable. However, this phase-plane is true only under one ondition,

that is, the denominator of equation (2.33) remains positive. It an be seen that the denominator

does not a�et the value of the equilibrium points, but only a�ets the �dynami proess". So it

is reasonable to add a positive parameter b (b > 0) in the denominator to avoid it being zero or

negative. Thus, a diret output voltage regulation an be applied.

2.4.1.1 Passivity based ontrol law

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

Dẋ+ J (u)x+Rx = E (2.34)

D =

(
L1 0
0 C

)

;J (u) =

(
0 u
−u 0

)

;R =

(
r 0
0 0

)

;

x =

(
IL1

Vc

)

; E =

(
E
ω̄

)

The ontroller an be dedued from a opy of the system with additional damping [OvdSME02℄ :

Dẋd + J (u)xd +Rxd = E +R1x̃ (2.35)

where, R1 = diag{0, ρ} is the damping injetion term, ρ > 0, and xd is an auxiliary vetor

orresponding to a �desired" value for x, and x̃ = x− xd is the error between the state variable

and the desired value. The idea is to have the error dynamis :

D ˙̃x+ J (u)x̃+Rdx̃ = 0 (2.36)

with Rd = R+R1 = diag{r, ρ} be exponentially onvergent, i.e., x̃ → 0, with the desired storage

funtion :

Hd(x̃) =
1

2
L1x̃1

2 +
1

2
Cx̃2

2 =
1

2
x̃TDx̃ (2.37)
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Set x2d = V ∗
dc and after some algebrai operations, one may �nd the following ontrol algorithm :

u̇ = u
−V ∗

dcu
2 + Eu+ rM+ L1[

ρ
C
(ω̄ + ux1) + ˙̄ω]

L1M
(2.38)

where, M = a1(x2 − V ∗
dc) + ω̄.

In order to guarantee the stability of the ontroller, as explained in the previous setion, a positive

parameter b is added in the denominator to avoid being divided by zero or a negative value, whih

yields the following ontroller :

u̇ = u
−V ∗

dcu
2 + Eu+ rM+ L1[

ρ
C
(ω̄ + ux1) + ˙̄ω]

b+ L1M
(2.39)

where, ω̄ is onsidered as the onstant part of the external urrent, and thus

˙̄ω = 0.

2.4.1.2 Stability analysis

To verify the system stability analysis, hoose the losed-loop storage funtion (2.37) as Lyapunov

funtion, and its derivative is :

Ḣd(x̃) = x̃D ˙̃x = x̃(−J (u)x̃−Rdx̃) = −x̃Rdx̃ (2.40)

It an be seen that Hd(x̃) > 0 and Ḣd(x̃) < 0 for ∀x 6= xd, and Hd = Ḣd = 0 only for x = xd.
Consequently, the losed-loop system is Lyapunov asymptotially stable.

2.4.2 Ultraapaitor side onverter

The role of the ultraapaitor sider onverter an be desribed as an �ative damping". The

ontrol objetive of this onverter is to absorb the persistent disturbane. For sake of simpliity,

we onsider only a main harmoni omponent of the disturbane with frequeny ω0. Thus, the

exogenous urrent disturbane an be written as :

(
ω̇1

ω̇2

)

=

(
0 −ω0

ω0 0

)(
ω1

ω2

)

(2.41)

where, ω ∈ W ⊂ R
2
.

The average model of the onverter an be written as state spae representation :

CV̇dc = ω1 + µIL2 (2.42a)

L2İL2 = Vsc − µVdc (2.42b)

CscV̇sc = −IL2 (2.42)

where, Vsc is the ultraapaitor voltage and µ is the duty yle of ontrol input signal for the

swith. The ontrol objetive is to maintain Vdc as a onstant, this is equivalent to : µIL2 = −ω1.

However, this simple expression annot be diretly taken as a ontrol objetive sine there exists

the produt of the system input and a state variable. Hene, it is neessary to develop an

expression whih does not ontain the ontrol input and may also express the ontrol objetive.
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Multiply IL2 at both sides of (2.42b), substitute with (2.42a) and (2.42) and after some mani-

pulations, one may get, at steady states :

L2IL2 İL2 + CscVscV̇sc = ω1V
∗
dc (2.43)

This is equivalent to :

d

dt
(
1

2
L2I

2
L2
) +

d

dt
(
1

2
CscV

2
sc) =

d

dt
(
ω2

ω0
)V ∗

dc (2.44)

Consequently,

1

2
L2I

2
L2

+
1

2
CscV

2
sc =

ω2

ω0
V ∗
dc + a (2.45)

where, a is a onstant and a = 1
2CscV̄

2
sc (V̄sc is the initial voltage of the ultraapaitor, and this

will be given a physial explanation below). Thus, the ontrol objetive an be ahieved through

regulating the error output :

e = h(x) =

(
1

2
L2I

2
L2

+
1

2
CscV

2
sc

)

−
(
ω2

ω0
V ∗
dc +

1

2
CscV̄

2
sc

)

(2.46)

Equation (2.45) may also be diretly dedued from energy onservation point of view. The �kineti

energy" stored in the indutor is

1
2L2I

2
L2
, while the �potential energy" stored in the ultraapaitor

is

1
2CscV

2
sc. Thus, the total energy stored in the onverter is the sum of the �kineti energy" and

the �potential energy". On the other side, the disturbane energy whih needs to be absorbed is

∫ t

0 V
∗
dcω1(t)dt. Consider that the ontrol objetive is to absorb the disturbane by the onverter,

in other words, the energy stored in the onverter should be equal to the disturbane energy,

whih is orresponding to equation (2.45). Then, the onstant a an be understood as the initial

energy stored in the ultraapaitor.

So far, we have known the plant (2.42), error output (2.46), and the exosystem (2.41). The next

step is to �nd an error output regulator whih asymptotially drives the system to the desired

manifold where the error onverges to zero.

2.4.2.1 Desired manifold

We represent the states on the desired manifold as π(ω) = [V ∗
dc I∗L2

V ∗
sc]

⊤
, and the path whih

drives the plant to the manifold as c(ω) = µ∗
. These variables are funtions of ω, and thus the

trajetory of them is not a point, but atually a limit yle.

Set e = 0 in equation (2.46) to get the expression of I∗L2
and V ∗

sc :

1

2
L2I

∗
L2

2 +
1

2
CscV

∗
sc

2 =
ω2

ω0
V ∗
dc +

1

2
CscV̄

2
sc (2.47)

Consider the general ase when the amplitude of the harmoni disturbane is not extremely large,

then the right side of equation (2.47) remains non-negative. This requires that the disturbane

ω satis�es :

ω2

ω0
≥ −CscV̄sc

2

2V ∗
dc

Then equation (2.47) is atually an expression of ellipses, whih indiates that the trajetory of

I∗L2
and V ∗

sc forms a limit yle at steady states. Rewrite it in standard ellipse form :
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(
I∗L2

V ∗
sc

)
M

(
I∗L2

V ∗
sc

)

= 1 (2.48)

where,

M =





L2

2
ω2
ω0

V ∗

dc
+CscV̄ 2

sc

0

0 Csc

2
ω2
ω0

V ∗

dc
+CscV̄ 2

sc





Notie that equation (2.48) desribes not a stati ellipse but a dynami one, a dynami ellipse

formed by the movement of two vetors. To be more spei�, the two vetors (I∗L2
and V ∗

sc) move

respetively along their axis, and the trajetory of the omposite vetor forms an ellipse. Thus,

the trajetory of V ∗
sc an be written in the following form :

V ∗
sc = (

Csc

2ω2
ω0
V ∗
dc +CscV̄ 2

sc

)−
1
2 = V̄sc(2

ω2

ω0

V ∗
dc

CscV̄ 2
sc

︸ ︷︷ ︸

2y(ω)

+1)
1
2

(2.49)

From physial signi�ane, it an be seen that 2y(ω) is a sinusoidal signal and its amplitude

|2y(ω)| < 1.

Thereby, it is possible to use the binominal series

1

to expand the expression (2.49) as a power

series. The sum of the �rst 3 terms of the binomial series is :

(2y(ω) + 1)
1
2 ≈ 1 + y(ω)− 1

2
y(ω)2 (2.50)

Then, one may get the referene of ultraapaitor voltage as follow :

V ∗
sc = π1(ω) ≈ V̄sc(1 + y(ω)− 1

2
y(ω)2) (2.51)

Thus, the trajetory of IL2∗ is obtained by substituting (2.51) into (2.42) :

IL2∗ = π2(ω) = −CscV̇
∗
sc (2.52)

The desired trajetory of the ontrol input µ∗
is also a funtion of ω, and may be dedued from

equation (2.42) :

µ∗ =
V ∗
sc

V ∗
dc

+ L2Csc
V̈ ∗
sc

V ∗
dc

(2.53)

Substitute equations (2.51) into (2.53) :

µ∗ = c(ω) = µ̄+ a1ω1 + a2ω2 + a3ω1ω2 + a4ω
2
1 + a5ω

2
2 (2.54)

1. The binomial series is expliitly written as :

(1 + x)p =
∞∑

n=0

(pn)x
n = 1 + px+

p(p− 1)

2!
x
2 + · · ·

where, (pn) =
p!

n!(p−n)!
. When |x| < 1, the series onverges absolutely for any omplex number p.
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with onstants µ̄, ai(i = 1, 2 · · · 5)

µ̄ = V̄sc/V
∗
dc

a1 = 0
a2 = 1

V̄sc
( 1
ω0Csc

− L2ω0)

a3 = 0

a4 = −L2
V ∗

dc

CscV̄ 3
sc

a5 = − V ∗

dc

CscV̄ 3
sc
( 1
2ω2

0Csc
− L2)

2.4.2.2 Internal model design

As shown in the ontrol struture (Figure 2.6), at ideal steady state (e = 0), the internal model

is to generate the ontrol input driving the plate to generate the desired response. Based on

proposition 2.3.3, we may alulate :

ξ1 = c(ω)

= a0 + a1ω1 + a2ω2 + a3ω1ω2 + a4ω
2
1 + a5ω

2
2

ξ2 = Lsc(ω)

= −ω0[a1ω2 − a2ω1 − a3ω
2
1 + a3ω

2
2 + 2(a4 − a5)ω1ω2]

ξ3 = L2
sc(ω)

= −ω2
0[a1ω1 + a2ω2 + 2(a4 − a5)ω

2
1 − 2(a4 − a5)ω

2
2 + 4a3ω1ω2]

ξ4 = L3
sc(ω)

= ω3
0[a1ω2 − a2ω1 − 4a3ω

2
1 + 4a3ω

2
2 + 8(a4 − a5)ω1ω2]

ξ5 = L4
sc(ω)

= ω4
0[a1ω1 + a2ω2 + 8(a4 − a5)ω

2
1 − 8(a4 − a5)ω

2
2 + 16a3ω1ω2]

ξ6 = L5
sc(ω)

= −ω5
0[a1ω2 − a2ω1 − 16a3ω

2
1 + 16a3ω

2
2 + 32(a4 − a5)ω1ω2]

After some iterative omputation, it an be dedued that :

L5
sc(ω) = −4ω4

0Lsc(ω)− 5ω2
0L3

sc(ω) (2.55)

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

ξ̇ = Φξ =









0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1
0 −4ω4

0 0 −5ω2
0 0









ξ

µ∗ = Υξ =
(
1 0 0 0 0

)
ξ

(2.56)
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through the immersion mapping :

τ(ω) =









c(ω)
Lsc(ω)
L2
sc(ω)

L3
sc(ω)

L4
sc(ω)









This is to say that the mapping c(ω) (2.54) is equivalent to the linear system (2.56) via mapping

τ(ω). So we have found the matries Φ and Υ in the internal model in Figure 2.6.

2.4.2.3 Stabilizer ontroller design

As shown in the ontrol struture (Figure 2.6), the stabilizer ontroller is used to stabilize the

interonnetion of the internal model and the plant. The linear ontrollers allow to exam the loal

stability via eigenvalues of matries. We study the operating point (Vdc = V ∗
dc, IL2 = 0, Vsc = V̄sc)

and set matries :

A =

[
∂f

∂x

]

(V ∗

dc
;0;V̄sc)

=





0 µ̄
C

0
− µ̄

L2
0 1

L2

0 − 1
Csc

0





B =

[
∂f

∂µ

]

(V ∗

dc
;0;V̄sc)

=
(

0 −V ∗

dc

L2
0
)⊤

C =

[
∂h

∂x

]

(V ∗

dc
;0;V̄sc)

=
(
0 0 CscV̄sc

)

The whole system is exponentially stable if the matrix (2.24) whih haraterizes the losed-loop

system has all eigenvalues with negative real part. Based on this priniple, parameters K, L, M
and matrix N an be found with the help of linear matrix inequality (LMI) program.

We �rst searh for a matrix N suh that the matrix :

Ã =

(
A BΥ
NC Φ

)

is stable.

This is equivalent to require :

X⊤ = X > 0

Ã⊤X +XÃ < 0
(2.57)

This an be written as :

(I Ã⊤)

(
0 X
X 0

)(
I

Ã

)

< 0

(I − I)(−X X)

(
I
−I

)

= −2X < 0

(2.58)
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Calling upon the lemma of simpli�ation of matries. The inequalities are equivalent to :

(
0 X
X 0

)

+ sym

{(
Ã⊤

−I

)

G(I I)

}

< 0

X > 0

(2.59)

The �rst inequality an be expliitly written as :

(
0 X
X 0

)

+

(
Ã⊤G+G⊤Ã Ã⊤G−G⊤

G⊤Ã−G −G−G⊤

)

< 0 (2.60)

Notie that

Ã⊤ =

(
A⊤ 0

Υ⊤B⊤ Φ⊤

)

︸ ︷︷ ︸

Ā⊤

+

(
C⊤ 0
0 0

)

︸ ︷︷ ︸

C̄⊤

(
0 N⊤

0 0

)

︸ ︷︷ ︸

K̄⊤

We take

G =

(
G1 G2

G3 G4

)

and impose G3 = 0, Z = N⊤G4, and X =

(
X1 X3

X⊤
3 X2

)

. Thus, the inequality beomes :







0 0 X1 X3

0 0 X⊤
3 X2

X1 X⊤
3 0 0

X3 X2 0 0







+







G⊤
1 A+A⊤G1 A⊤G2 + C⊤Z +G⊤

1 BΥ
Υ⊤B⊤G1 +G⊤

2 A+ Z⊤C G⊤
2 BΥ+G⊤

4 Φ+ Φ⊤G4 +Υ⊤B⊤G2

G⊤
1 A−G1 G⊤

1 BΥ−G2

G⊤
2 A+ Z⊤C G⊤

2 BΥ+G⊤
4 Φ−G4

A⊤G1 −G⊤
1 A⊤G2 + C⊤Z

Υ⊤BG1 −G2⊤ Υ⊤B⊤G2 +Φ⊤G4 −G⊤
4

−G1 −G⊤
1 −G2

−G⊤
2 −G4 −G⊤

4







< 0

(2.61)

Solving the equalities with program in MATLAB gives the matrix N . Likewise, the parametersK,

L,M an be found to make the losed-loop matrix (2.24) be stable. For instane, for the given sys-

tem parameters : L1=2.5mH L2=2.5mH C=440µF Csc=3.25F V ∗
dc=600V V̄sc=100V

We may �nd the following ontroller parameters :

K = −0.5;

M = 190433/2112;

L = 1/72360000;

N =
(
0 0 0 0.001 0

)⊤
.

Calulating the eigenvalues of matrix (2.24) gives eig = {±94.24i,±47.12i,−0.13 ± 18.32i, 0, 0}.
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2.4.3 Simulation and results

Now that we have onsidered the Battery side onverter and the ultraapaitor side onverter

separately and designed the ontroller for eah side respetively, we need to ombine them to-

gether so as to further verify the ontrol performane. The ombined system are tested under

MATLAB/Simulink environment. Simulation runs with the hybrid DC soure model shown in

Figure 2.7. Set the initial voltage of the superapaiter as V̄sc = 100V and the nominal DC vol-

tage is given as V ∗
dc = 600V . The external urrent is set as Iex = −2+5sin(2πft+ π

2 ). The other
system parameters are given in the appendix. The PBC is applied to the battery side onverter.

For the ultraapaitor side onverter, in order to learly observe the e�et of the regulator, an

open loop ontrol input µ = 1/6 is �rst applied. Then, at time t = 5s, the output regulator is

swithed in to obtain a ontrast of the system responses under di�erent ontrollers.

As shown in Figure 2.9, the simulation results are rather satisfying. As long as the error output

regulator is added, the osillations in IL1 and Vdc attenuate remarkably. On the other side, the

osillation is absorbed by the superapaiter, whih leads to an inrease of the amplitude of

IL2 and Vsc. The error output signal is presented in Figure 2.10. It an be seen that at time

t = 5s, the error output signal tends to onverge to zero. The ontrol inputs are given in Figure

2.11. It an be seen from the �gure that when t > 5s, the ontrol input for the ultraapaitor

side onverter is a sinusoidal signal. In Figure 2.12, the trajetory of states of eah onverter is

given respetively. It an be seen that the trajetory of the ultraapaitor side onverter forms a

desired limit yle, while the the trajetory of the battery side onverter onverges to a desired

equilibrium point. It has also been veri�ed that the output regulator is robust with respet to

the system parameters.
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Figure 2.9 � Simulation results
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2.5 Conlusions

In this hapter, we have analyzed the battery/ultraapaitor hybrid energy storage system in

hybrid eletri vehiles. In previous studies, the PMSM is ontrolled to ompensate the torque

ripples generated by the internal ombustion engine. During this proess, the in�uene to the

hybrid energy storage system is onerned as exogenous urrent disturbanes. In order to rejet

the disturbanes, 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 disturbane rejetion

task is assigned to the ultraapaitor, and the battery is expeted to maintain the DC voltage.

Therefore, a lassial passivity-based ontroller is designed for the battery side onverter, while

the ultraapaitor side onverter is developed based on the elaborated output regulation theory.

The simulation results have shown the e�etiveness of the ontrollers. However, there still exist

some drawbaks of the ontrol algorithms. First of all, due to the limit of the ontrol method, we

have only take the sinusoidal disturbane into onsideration. The ontrol stabilizer is not easy to

apply in the ase of transient disturbane. Besides, in the theoretial analysis, the system reahes

a loal ritial stability, beause there are eigenvalues of the losed-loop haraterized matrix on

the imaginary axis. This is not ideal in reality. Furthermore, we solve the problem by separating

the battery side and the ultraapaitor side onverters and onsidering them independently. This

is atually based on the assumption that the battery alone is able to supply a onstant DC

voltage. However, this is not always the ase. Moreover, in our system model, we onsider the

ultraapaitor as an ideal apaitor without onsidering the losses, whih is not omprehensive

neither. Consequently, in the next hapter, we will onsider the paralleled battery/ultraapaitor

system as a whole and take the self-disharge of the ultraapaitor into onsideration, and we

will develop ontrollers for the disturbed system with another advaned ontrol strategy.
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3.1 Introdution

In the last hapter, we have summarized the ontrol objetive of the hybrid energy storage

system. The main target is to ontrol the ultraapaitor to absorb the urrent disturbanes in

the DC bus introdued in the proess of torque ripples ompensation. This is equivalent to design

an "ative damping" whih attenuates the amplitude of osillations. Based on this idea, we have

onsidered the ultraapaitor side onverter separately and onsidered the external urrent as an

exogenous signal generated by an exosystem. We have solved the problem via a designed error

output feedbak regulator. The error output regulation theories for linear and nonlinear and

PCH systems as well have been reviewed in the last hapter. However, due to some drawbaks

of the ontrol method, it is not advantageous to apply the designed ontroller in the reality.

In this hapter, we take the whole hybrid energy storage system into onsideration and analyze

the rate of motion of di�erent variables and design a asade ontrol struture. The whole system

is therefore a four-dimensional nonlinear PCH system. We will review in the following setions

the lassial PCH models and divide the models into ontrol-a�ne and ontrol-nona�ne PCH

systems. Moreover, we will review the most prevailing ontrol method for PCH system, that is

interonnetion and damping assignment passivity based ontrol. The ontrol method aims to

preserve the Hamiltonian form of the system and requires the system designer to redesign the

interonnetion matrix and damping matrix, and meanwhile preserve the system passivity. Fin-

ding suh a ontroller for ontrol-a�ne PCH systems is relatively simple. Usually, it is enough

to solve some analytial equations. However, the problem for ontrol-nona�ne PCH systems is

muh more omplex, usually we need to solve several partial di�erential equations. The pro-

blem gets more omplex when the system order inreases and the number of partial di�erential

equations inreases.

Our studied system is identi�ed as a ontrol-nona�ne PCH system. Due to the omplexity

and di�ulty of solving suh a problem with traditional method that solves partial di�erential

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 (Kokotovi 1986,

Khalil 1996). And thus, the system is separated into a fast system and a slow system. On the

other hand, our ontrol objetive is to maintain a onstant voltage in the DC bus and absorb

the exogenous perturbed urrent by the ultraapaitor while maintaining its voltage osillating

around a given value. We may �rst onsider the system without the exogenous urrent and de�ne

the solution as a stati solution, and then we onsider the perturbed system and de�ne the

solution as a dynami solution. Then, the essene of our ontrol method is, through a asade

ontrol struture, to drive the slow system to the stati solution and impose the fast system

onverge to the dynami solution. The simulation results will be presented at the end of the

hapter to verify the e�etiveness of the ontrol algorithm.

3.2 System Modeling

Herein, we take the system losses and the ultraapaitor inner resistor into onsideration. The

new system model is given in Figure 3.1.
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Figure 3.1 � Topology of eletrial DC part

3.2.1 Average model

From Kirho�'s law, the average model of the power onverters an be written as the following

form : 





L1İL1 = E − u1Vdc

L2İL2 = Vsc − u2Vdc

CV̇dc = Iex −
Vdc

R
+ u1IL1 + u2IL2

CscV̇sc = −IL2 −
Vsc

Rsc

(3.1)

where, IL1 and IL2 are respetively the urrents going through the indutors L1 and L2 ; Vdc is

the DC bus voltage and Vsc is the superapaitor voltage. u1, u2 ∈ [0, 1] are the duty yles of the

ontrol input signals for swithes S1 and S3 respetively. S1 and S2 are omplementary swithes,

S3 and S4 are likewise. The resistor Rsc is introdued to represent the self-disharging in the

ultraapaitor, and the resistor R is introdued to represent the rest total loss in the iruit.

Iex = ω1 is the exogenous urrent.

By de�ning x =
[
L1IL1 L2IL2 CVdc CscVsc

]⊤
, the average model an be rewritten in the

following form :

ẋ1 = E − u1
x3
C

(3.2a)

ẋ2 = −u2
x3
C

+
x4
Csc

(3.2b)

ẋ3 = ω1 −
x3
RC

+ u1
x1
L1

+ u2
x2
L2

(3.2)

ẋ4 = −x2
L2

− x4
RscCsc

(3.2d)

3.2.2 Hamiltonian modeling

As a matter of fat, Hamiltonian modeling is mainly applied in mehanial systems [OPNSR98℄.

In eletrial domain, Hamiltonian modeling annot over all eletrial systems, but an be ex-

tended to power eletroni iruits, and build a port-ontrolled Hamiltonian (PCH) model. Eah
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eletrial element in the iruit is onsidered as an eletrial port. The urrent through the port

is represented as a �ow f , and the voltage as an e�ort e orrespondingly. In a RLC iruit,the

�ow fr and the e�ort er for a resistor is given by er = Rfr. The �ow fl and the e�ort el for
a indutor is given by fl = φl/L; el = φ̇l (φl is the �ux). The �ow fc and the e�ort ec for a

apaitor is given by fc = q̇c; ec = q̇c/C (qc is the harge). Thus, the magneti energy in an

indutor is identi�ed as V = φl/2L, and the eletri energy in a apaitor is then T = q2c/2C.

The Hamiltonian refers to the total energy of the system. Thus, in a LC iruit, the Hamiltonian

is the sum the eletri energy and the magneti energy H = V + T = φ2
l /2L + q2c/2C, and thus

is a quadrati funtion.

The Hamiltonian modeling approah onsiders the energy onserving LC network and writes the

relation between the LC ports and other ports in the iruit. Consider our eletri power system

shown in Figure 3.1, the Hamiltonian is the total energy of the LC network :

H = V + T =
1

2L1
φ2
Ll

+
1

2L2
φ2
L2

+
1

2C
q2C +

1

2Csc
q2Csc

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







φ̇Ll

φ̇L2

q̇C
q̇Csc







=







0 0 −1 0
0 0 −1 1
1 1 0 0
0 −1 0 0














φLl

L1
φL2
L2
qC
C

qCsc

Csc








+







E
0
ω1

0







+







0
0
−1
0







(−fS1) +







−1
0
0
0







(−eS3) +







0
0
−1
0







(−fR)

+







0
0
−1
0







(−fS2) +







0
−1
0
0







(−eS4) +







0
0
0
−1







(−fRsc)

The �ow and the e�ort variables satisfy the following relations :

fS1 = u1
φLl

L1
; eS3 = u1

qC
C

;

fS2 = u2
φL2

L2
; eS4 = u2

qC
C

;

fR =
qC
CR

; fRsc =
qCsc

CscRsc
.

Setting the state oordinate x = (φLl
φL2 qC qCsc)

⊤
, then the gradient of the Hamiltonian is :

∂H(x)

∂x
=

(
φLl

L1

φL2

L2

qC
C

qCsc

Csc

)⊤

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

ẋ = [J (u)−R]
∂H(x)

∂x
+ g(ω) (3.3)
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with

J (u) =







0 0 −u1 0
0 0 −u2 1
u1 u2 0 0
0 −1 0 0







R =







0 0 0 0
0 0 0 0
0 0 1

R
0

0 0 0 1
Rsc







g(ω) =
(
E 0 ω1 0

)⊤

H(x) =
1

2
x⊤Qx ; Q =







1
L1

0 0 0

0 1
L2

0 0

0 0 1
C

0
0 0 0 1

Csc







where, J (u) = −J (u)⊤ and R = R⊤ ≥ 0. H(x) is a quadrati funtion of x. It an be seen that

the Hamiltonian model (3.3) is equivalent to the average model (3.2).

3.3 Control strategies

3.3.1 Port-ontrolled Hamiltonian systems

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

ẋ = [J (x)−R(x)]
∂H(x)

∂x
+ g(x)u (3.4)

where, the state variable x ∈ R
n, and the input u ∈ R

m(m < n). The matrix J (x) = −J (x)⊤ is

skew-symmetri re�eting the interonnetions of the system states. The matrixR(x) = R(x)⊤ ≥
0 represents the intrinsi system damping. H(x) is the total energy of the system. It an be

seen that the ontrol input appears linearly with respet to the states. Hene, we may de�ne the

system having this form a ontrol-a�ne PCH system. This form is appliable for most mehanial

systems. However, for eletrial systems, it is not always the ase.

It an be seen that in our system (3.3) the ontrol input is inluded in the matrix J (u). In other

words, the ontrol ation has an e�et in the interonnetion struture. As a matter of fat,

this is a ommon form for swith-inluded power eletri systems where the duty yles of the

PWM driving the swithes deide the ratio of the urrents (and voltages) before and after the

swithes [OvdSME02℄. Hene, we may all the systems having the following form :

ẋ = [J (x, u) −R(x)]
∂H(x)

∂x
+ g(x, u) (3.5)

a ontrol-nona�ne PCH system, where the ontrol input is inluded in the interonnetion stru-

ture J (x, u), and J (x, u) = −J (x, u)⊤. Being di�erent from ontrol-a�ne PCH system where

the ontrol input is exluded from the interonnetion struture, the dual relation of the ontrol

inputs and the states makes the system more omplex. Even so, this form is more general and

appliable for more systems. Finding a stable ontroller for suh a system has attrated numerous

reserhers in the related domain.
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3.3.2 Passivity-based ontrol

A quite powerful tehnique being applied to design e�etive and robust ontrollers for PCH

systems is interonnetion and damping assignment passivity-based ontrol (IDA-PBC) [OGC04℄.

It aims to onserve the system passivity through interonnetion and damping assignment.

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

matries, Jd (Jd = −J⊤
d ), Rd (Rd = R⊤

d ), and the ontrol input u = β(x) suh that the

losed-loop system with ontrol input preserves PCH struture and takes the following form :

ẋ = [Jd(x)−Rd(x)]
∂Hd(x)

∂x
(3.6)

where, Hd(x) is the losed-loop energy having a strit (loal) minimum at the desired equilibrium

point x∗ ∈ R
n
.

Then we have

Ḣd = −∂Hd(x)

∂x
Rd

∂Hd(x)

∂x
≤ 0 (3.7)

We hoose Hd as a Lyapunov funtion, then we obtain immediately the asymptoti stability of

the losed-loop system by alling upon Lasalle's invariane priniple.

This onept of IDA-PBC provides an e�etive approah to �nd the ontrol input and meanwhile

guarantees the system stability. It is relatively easy to �nd suh a ontroller for a ontrol-a�ne

system (3.4). Generally, we may assign a desired interonnetion struture Jd(x) and injet a

damping in the damping matrix Rd(x). Thus, the ontrol input β(x) may be obtained by solving

algebrai equation as follow :

β(x) =
[

g(x)⊤g(x)
]−1

g(x)⊤
[

(Jd(x)−Rd)
∂Hd(x)

∂x
− (J (x)−R)

∂H(x)

∂x

]

(3.8)

However, �nding suh a ontroller for a ontrol-nona�ne system (3.5) is muh more omplex.

It is not possible to �nd β(x) via solving algebrai equations. A lassial proedure is to set a

vetor funtion K(x) [OvdSME02℄ :

K(x) =
∂Ha(x)

∂x

with Ha(x) = Hd(x)−H(x) and thus from (3.5) and (3.6), we obtain :

[Jd(x, β(x)) −Rd(x)]K(x) = −
[

(Ja(x)−Ra(x))
∂H(x)

∂x

]

+ g(x, β(x))

where, Ja(x) = Jd(x, β(x)) − J (x) and Ra = Rd(x)−R(x).

Referring to the poinare Lemme, K(x) is the gradient of a salar funtion if and only if

∂K

∂x
(x) =

[
∂K

∂x
(x)

]⊤

Thus, we obtain a series of partial di�erential equations (PDE). Solving these equations provides

a way to �nd the ontrol input. However, it is rather di�ult to solve these PDE and to �nd an

analytial solution, espeially when the system is a high dimensional system.
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Therefore, we propose to simplify our studied system by reduing the system order. This an be

ahieved through singular perturbation theories [KG02℄.

3.3.3 Singular perturbation theories

We onsider the so-alled standard singular perturbation model [KG02℄ :

ẋ = f(t, x, z, ε)

εż = g(t, x, z, ε)
(3.9)

where, x ∈ R
n
and z ∈ R

m
. Setting ε = 0 auses a fundamental and abrupt hange in the dyna-

mis properties of the system, as the seond di�erential equation degenerates into an algebrai

equation :

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

Thus, the singular perturbation auses a disontinuity in the system solutions. The essene of the

singular perturbation method is a multi-time-sale approah that analyses the system in separate

time sales. The small positive parameter ε may be a homogeneously small time onstant. Thus,

the seond di�erential equation tends towards its stati solution in a very rapid rate, and the

stati solution is the solution of the algebrai equation (3.10).

In the solutions of equation (3.10), if there exist k(k ≥ 1) real roots :

z = hi(t, x) i = 1, 2, · · · , k (3.11)

then, it is assured that orresponding to eah root of (3.10) the original n + m dimensional

system an be redued into a n dimensional system via injeting the roots (3.11) into the �rst

di�erential equation of (3.9). Thus the redued model is written as :

ẋ = f(t, x, h(t, x), 0) (3.12)

For eah stable root of (3.10), alling upon the Tyhono�'s theorem, the solutions of the original

system (3.9) approahes the ones of the redued system (3.12). The redued model (3.12) is also

known as a slow model, in ontrast to the seond di�erential equation whih onverges rapidly

to its stati solution.

3.4 Controller design

3.4.1 Stati and dynami solutions

We remind here that our ontrol objetive is to maintain a onstant voltage in the DC bus. This

orresponds to a onstant x3 at steady state. On the other hand, we aim to absorb the distur-

banes by the ultraapaitor and maintain its voltage osillating around a ertain value. We �rst

disregard the urrent disturbanes and onsider the ase when there is no external disturbane

(model (3.2) with ω1 = ω̄1). We de�ne the solutions of this problem as stati solutions, repre-

sented as x̄, where, x̄3 and x̄4 are known referenes whih orrespond to the desired DC voltage
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and the ultraapaitor voltage. Moreover we represent the error between the state variables and

the stati solutions as x̃. By letting ẋ = 0, we may obtain the stati solutions as follows :

x̄1 =
L1

E
(
x̄23
RC2

− x̄3
C

ω̄1 +
x̄24

RscC2
sc

)

x̄2 = − L2

RscCsc
x̄4

(3.13)

The ontrol inputs generate the system response x̄ is :

ū1 =
C

x̄3
E

ū2 =
C

Csc

x̄4
x̄3

(3.14)

Now, we take the external disturbane into onsideration. We �rst onsider a typial �xed-

frequeny sinusoidal disturbane, and then we may extend the design idea and the ontrol method

to the general ases where the external perturbed urrent is either persistent or transient. At

steady state, we aim to have a onstant DC voltage and a smooth battery urrent, while absorbing

the disturbane by the ultraapaitor side onverter. We de�ne the solutions that ahieve the

ontrol objetive as dynami solutions and represent the desired trajetories of state variables

as x∗. Now that the perturbed urrent is a periodial sinusoidal signal, then, this means that we

want x∗1 and x∗3 to be onstant, whereas x∗2 and x∗4 to form a periodi orbit. In order to ahieve

a stable orbit, x∗2 and x∗4 are supposed to form a stable limit yle at steady states. Therefore,

let the desired trajetories x∗1 = x̄1, x
∗
3 = x̄3 and x∗2 = x̄2 + x̂2, x

∗
4 = x̄4 + x̂4, where, x̂3 and x̂4

are limit yles around zero, whih represent the di�erenes between the desired trajetories and

the mean values.

Herein, for sake of larity, we list the foregoing various symbols with their representations as

follows :

x state variables ;

x̄ stati solutions of the average model, equilibrium point ;

x̃ stati errors, x̃ = x− x̄ ;
x∗ dynami solutions, desired trajetories of state variables ;

x̂ limit yles, x̂ = x∗ − x̄.

If we ould drive the system to the equilibrium point and then fore it to operate along the

desired trajetory, then we ould ahieve our ontrol objetive. There remains two key points to

onsider : how to fore the system to operate as we want and what are the desired trajetories.

The �rst point is ahieved through a asade ontrol struture and will be elaborated in the next

setion. For the seond point, it is easy to �nd the stati solutions where the system alone is not

perturbed, it is simply an equilibrium point. When the system is perturbed, we want the desired

trajetories (x∗3 and x∗4) to be periodial signals. We may oneptually identify them as limit

yles, but it is not easy to write it in analytial forms. Therefore, similar with the proedure

in the last hapter, we onsider from an energy point of view and write an approximation form

of the desired trajetories. In the ontrol struture, the desired trajetory is generated from an

isolated blok named internal model. The algorithm in the internal model will also be presented

in the following setion.
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3.4.2 Casade ontrol struture

The ontrol idea is based on the deomposition of the system into a slow model and a fast

model. The essene is to fore an outer slow loop to maintain the system operating around the

equilibrium point and impose the dynami to the system through an inner fast loop, so as to drive

the system operating along the desired trajetory. The ontrol struture of the power onverters

is shown in Figure 3.2.

+

−

−

ontroller

PBC

Internal

model

onverters

Power

u2

ontroller

PI

x2

u1

x∗
2

x

x

x̄3, x̄4

ω̃1

x̃x̄

x̂2

v2

Figure 3.2 � Control struture of the power onverters

The ultraapaitor side urrent feedbak ontrol (orresponding to x2 ontrol) is hosen as the

inner fast loop. This is bases on the following two onsiderations. On one hand, sine the ontrol

objetive is to absorb the fast high frequeny disturbane by the ultraapaitor side onverter,

the motion rates of the urrent and the voltage on the ultraapaitor side are supposed to be

muh faster than the ones on the battery side. On the other hand, for the ultraapaitor side

onverter, due to the di�erent time sales between the ultraapaitor voltage and the indutor

urrent, the motion rate of the urrent is muh faster than the motion rate of the voltage.

Therefore, based on the singular perturbation theory, the ontrol problem an be solved by using

a asaded ontrol struture with two ontrol loops : an inner fast ontrol loop and an outer slow

ontrol loop.

3.4.2.1 Inner fast loop

To ontrol x2, the inner fast PI ontroller an be simply designed as follow

1

:

u2 = kp(x
∗
2 − x2) + ki

∫

(x∗2 − x2) (3.15)

where, kp and ki are the gains of the proportional term and the integral term.

1. We remark here :

∫
x is short for

∫ t

0
x(s)ds
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3.4.2.2 Outer slow loop

We rewrite the system model (3.2) :

ẋ1 = E − u1
x3
C

ẋ3 = ω1 −
x3
RC

+ u1
x1
L1

+ u2
x2
L2

ẋ4 = −x2
L2

− x4
RscCsc

ẋ2 = −u2
x3
C

+
x4
Csc

(3.16)

Setting ẋ2 = 0, we obtain

u2 =
C

Csc

x4
x3

(3.17)

This implies that after transient, the urrent is supposed to onverge to its stati referene,

i.e., x2 → x̄2, and the ontrol input u2 is (3.17). The redued model an then be dedued by

substituting (3.17) into equations (3.16), and replaing the state x2 by v2.

ẋ1 = E − u1
x3
C

ẋ3 = ω1 −
x̃3
RC

− x̄3
RC

+ u1
x1
L1

+
Cx4
Cscx3

v2
L2

ẋ4 = − v2
L2

− x4
RscCsc

(3.18)

Thus, the original four-dimensional system is degenerated into a three-dimensional slow model.

This model holds as long as the dynamis of the outer loop is slower than the internal dynamis

of the urrent loop (3.15). With this model, we aim to design an outer slow loop whih drives the

system to the equilibrium point. Therefore, we onsider the Hamiltonian form of the slow model

in terms of the error dynami, and design a ontroller through interonnetion and damping

assignment.

The redued model (3.18) an be written in terms of error dynamis :

˙̃x1 = E − u1
x3
C

˙̃x3 = − x̃3
RC

+ ω̄1 −
x̄3
RC

+ u1
x1
L1

+
Cx4
Cscx3

v2
L2

˙̃x4 = − x̃4
RscCsc

− v2
L2

− x̄4
RscCsc

(3.19)

Thus, we obtain a new PCH system :

˙̃x = (J −R)
∂H
∂x̃

+ g(x, u) (3.20)



�Main� � 2015/4/7 � 15:08 � page 61 � #75

3.4 Controller design 61

with

J =





0 0 0
0 0 0
0 0 0



 R =





0 0 0
0 1

R
0

0 0 1
Rsc





g(x, u) =





E − u1
x3
C

ω̄1 − x̄3
RC

+ u1
x1
L1

+ Cx4
Cscx3

v2
L2

− v2
L2

− x̄4
RscCsc





H(x̃) =
1

2L1
x̃21 +

1

2C
x̃23 +

1

2Csc
x̃24

The desired error dynami in terms of the desired storage funtion Hd is [OGC04℄ :

˙̃x = (Jd −Rd)
∂Hd

∂x̃
(3.21)

where,

Hd =
1

2L1
x̃21 +

1

2C
x̃23 +

1

2Csc
x̃24, (3.22)

Jd is a skew-symmetry matrix (J⊤
d = −Jd) and Rd is a positive semi-de�niteness matrix. We

de�ne the matries Jd and Rd as the following forms :

Jd =





0 j1 j2
−j1 0 j3
−j2 −j3 0



 , Rd =





r1 0 0
0 r2 0
0 0 r3



 .

The main idea is to design the interonnetion matrix Jd and the damping matrix Rd, suh that

the dynami error model (3.19) an be written in the desired error form (3.21). Mathing the

two models leads to the following equations :

E − u1
x3
C

= −r1
x̃1
L1

+ j1
x̃3
C

+ j2
x̃4
Csc

ω̄1 −
x̄3
RC

+ u1
x1
L1

+
Cx4
Cscx3

v2
L2

= −j1
x̃1
L1

+ (
1

R
− r2)

x̃3
C

+ j3
x̃4
Csc

v2
L2

+
x̄4

RscCsc
= j2

x̃1
L1

+ j3
x̃3
C

+ (r3 −
1

Rsc
)
x̃4
Csc

If we ould �nd the oe�ients ji (i = 1, 2, 3) and ri (i = 1, 2, 3) satisfying the mathing

equations above, then the system onverges asymptotially to the equilibrium point. Choose Hd

as a Lyapunov funtion, then

Ḣd(x̃) = −[
∂Hd

∂x
]⊤Rd

∂Hd

∂x
≤ 0

Calling upon the La Salle's invariane priniple, the asymptoti stability of the losed-loop system

is satis�ed.

We may dedue from the mathing equations that :

u1 =
CE

max{x3, x3min}
+

C

max{x3, x3min}

[

r1
x̃1
L1

− j1
x̃2
C

− j2
x̃4
Csc

]

v2 = −L2
x̄4

RscCsc
+ L2

[

j2
x̃1
L1

+ j3
x̃2
C

+ (r3 −
1

Rsc
)
x̃4
Csc

]
(3.23)
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Herein, onsidering of the system seurity, we add x3min orresponding to the minimum value of

the DC bus voltage whih needs to be de�ned. If the DC bus voltage redues below this value,

then the algorithm an no longer to used so as to avoid the over�ow of u1. Choosing r1 =
1

2Rsc
;

r2 = 1
R
− 1

2Rsc
; r3 = 1

2Rsc
and j1 = −r3 ; j2 = r1 ; j3 = r3, whih satisfy the �rst and the third

mathing equations, we obtain the following non-linear ontrol algorithm :

u1 =
CE

max{x3, x3min}
+

C

max{x3, x3min}
ṽ

v2 = − L2x̄4
RscCsc

+ L2ṽ

(3.24)

with

ṽ = r1
x̃1
L1

− j1
x̃3
C

− j2
x̃4
Csc

It an be seen from the struture of the ontrollers (3.24) that they are the sum of two parts. The

�rst part is assoiated to the desired open-loop duty yle, while the seond part is proportional-

like error feed-bak ontrol. If we ould �nd the oe�ients suh that the seond mathing

equation is satis�ed and that the ontrollers show good dynami performane, then we may

�x the ontrollers. However, from physial onsideration and experimental analysis, due to the

inherent relation between the oe�ients and the system nature damping, it is not easy to �nd

suh ontrollers beause the oe�ients annot be large enough to guarantee a good dynami

performane.

Therefore, we onsider to add some integral terms to improve the dynami performane. With

regard to this, we introdue new states

∫
x̃1,

∫
x̃3,

∫
x̃4. Then, the new system is written as :

(
˙̃x

∫
˙̃x

)

=

(
−R 03×3

−D 03×3

)

∇H+

(
g(x̃, x̄)v
03×1

)

(3.25)

with

R =





0 0 0
0 1

R
0

0 0 1
Rsc



 D =





L1 0 0
0 C 0
0 0 Csc





g(x̃, x̄)v =





E − u1
x3
C

ω̄1 − x̄3
RC

+ u1
x1
L1

+ Cx4
Cscx3

v2
L2

− v2
L2

− x̄4
RscCsc





H(x̃) =
1

2L1
x̃21 +

1

2C
x̃23 +

1

2Csc
x̃24 +

1

2L1
(

∫

x̃1)
2 +

1

2C
(

∫

x̃3)
2 +

1

2Csc
(

∫

x̃4)
2

Similarly, we want that the desired error dynamis be written in terms of the desired Hamiltonian

form :

(
˙̃x

∫
˙̃x

)

= (Jd −Rd)
∂Hd

∂x̃
(3.26)

with Jd = −J⊤
d and Rd being positive de�nite matrix. Thus, we expliitly write the matries
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with oe�ients ji(i = 1, 2, 3), ri(i = 1, 2, 3) and ci(i = 1, 2, · · · , 6) as follows :

Jd =











0 j1 j2 0 0 0
−j1 0 j3 0 0 0
−j2 −j3 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0











Rd =











r1 0 0 c1 c2 c3
0 r2 0 c2 c4 c5
0 0 r3 c3 c5 c6

−L1 0 0 0 0 0
0 −C 0 0 0 0
0 0 −Csc 0 0 0











Mathing the system (3.25) and (3.26) leads to the following ontroller form :

u1 =
CE

max{x3, x3min}
+

C

max{x3, x3min}

[

r1
x̃1
L1

− j1
x̃3
C

− j2
x̃4
Csc

+ c1

∫
x̃1
L1

+ c2

∫
x̃3
C

+ c3

∫
x̃4
Csc

]

v2 = −L2
x̄4

RscCsc
+ L2

[

j2
x̃1
L1

+ j3
x̃3
C

+ (r3 −
1

Rsc
)
x̃4
Csc

+ c3

∫
x̃1
L1

+ c5

∫
x̃3
C

+ c6

∫
x̃4
Csc

]

(3.27)

By writing the desired error dynami as the form (3.26), we loose the property that the damping

matrix Rd has and only has positive values on the diagonal. Consequently, it beomes omplex

to determine the sign of the derivative of the Hamiltonian (3.28).

Ḣd(x̃) =

(
∂Hd

∂x̃

)⊤

˙̃x =

(
∂Hd

∂x̃

)⊤

(Jd −Rd)
∂Hd

∂x̃
= −

(
∂Hd

∂x̃

)⊤

Rd
∂Hd

∂x̃
(3.28)

Hene, we annot exam the losed-loop stability through Lyapunov method and guarantee the

asymptoti stability via LaSalle's invariane priniple. Alternatively, we notie that the desired

error dynami (3.26) is also a linear system. Therefore, the stability of the losed-loop system

an be veri�ed through lassial linear theories. Rewrite (3.26) as a standard linear form :

˙̃x = Ax̃ (3.29)

with

A =












− r1
L1

j1
C

j2
Csc

− c1
L1

− c2
C

− c3
Csc

− j1
L1

− r2
C

j3
Csc

− c2
L1

− c4
C

− c5
Csc

− j2
L1

− j3
C

− r3
Csc

− c3
L1

− c5
C

− c6
Csc

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0












being the haraterized matrix of losed-loop system. Hene, if we ould �nd the oe�ients

ji(i = 1, 2, 3), ri(i = 1, 2, 3) and ci(i = 1, 2, · · · , 6) making all the eigenvalues of matrix A
loated on the left side of the omplex plan, then the losed-loop stability an be guaranteed.
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In order to �nd the oe�ients, we analyze the desired error dynami (3.26) in frequeny domain.

After Laplae transformation, (3.26) beomes :

(L1s
2 + r1s+ c1)x̃1 = L1(−

c2
C

+
j1
C
s)x̃3 + L1(−

c3
Csc

+
j2
Csc

s)x̃4

(Cs2 + r2s+ c4)x̃3 = C(− c2
L1

− j1
L1

s)x̃1 + C(− c5
Csc

+
j3
Csc

s)x̃4

(Cscs
2 + r3s+ c6)x̃4 = Csc(−

c3
L1

+
j2
L1

s)x̃1 + Csc(−
c5
C

− j3
C
s)x̃3

(3.30)

Thus, we obtain a series of transfer funtions of multi-variable systems. For eah input and output,

it is a seond order system with a zero. We may therefore, de�ne the oe�ients based on the

physial onsideration and the response harateristis of seond order systems. Spei�ally, we

may determinate the oe�ients in the denominator by loating the poles, whih gives the pairs

(r1, c1), (r2, c4), (r3, c6), and then, we hoose proper gains and zeros, whih gives the oe�ients

in the nominator c2, c3, c5 and j1, j2, j3.

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

H(s) =
ω2
n(τs+ 1)

s2 + 2ξωns+ ω2
n

(3.31)

where, the damping ratio ξ deides the dynami of the step response. Whenever ξ > 0, the system
onverges at steady state. When ξ > 1, the system onverges exponentially, and the system an

be regarded as a series onnetion of two inertial elements with di�erent time onstants T1 and

T2, (T1 > T2). Thus, the system beomes :

H(s) =
ω2
n(τs+ 1)

(T1s+ 1)(T2s+ 1)
(3.32)

The two poles p1 and p2

p1 = − 1

T1
= −ωnξ + ωn

√

ξ2 − 1

p2 = − 1

T2
= −ωnξ − ωn

√

ξ2 − 1

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

h0(t) = 1− p2
p2 − p1

ep1t +
p1

p2 − p1
ep2t

For a seond order system with zero, the step response is :

h(t) = h0(t) + τ ḣ0(t)

Therefore, the values of the poles and the zeros deide the speed of the response. When the

damping ratio ξ > 1, the poles are on the real axis, and the system onverges exponentially. The

further the negative poles are from the imaginary axis, the faster the system responses. Moreover,

the loser the zero is from the imaginary axis, the faster the system responses.
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Thus, we may hoose the oe�ients aording to these properties and the iruit inherent

physial harateristis. For instane, x̃1 whih orresponds to the battery side urrent is related

muh more to the DC bus voltage whih orresponds to x̃3 than the ultraapaitor voltage whih

orresponds to x̃4. This is to say, for the input-output x̃1 7→ x̃3 system, the poles ould be

negative and far away from the imaginary axis. While, for the input-output x̃4 7→ x̃1 system, the

poles ould be negative and very lose to the imaginary axis. For instane, after some theoretial

analysis and simulation tests, we may �nd the oe�ients as follows :

j1 = 3.25; j2 = 0.01; j3 = 1.18× 10−5;
r1 = 8.5; r2 = 0.18; r3 = 2.11;
c1 = 1800; c2 = 50; c3 = 0;
c4 = 2.12; c5 = 0; c6 = 0.3413;

when the system parameters are hosen as :

L1 = 10mH L2 = 10mH C = 3.25F Csc = 3850µF

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











−850 844.1 0, 003 −18000 −12987 0
−325 −47 3.64 × 10−6 −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 omplex plan, and thus guarantee the stability of the ontrolled losed-

loop.

3.4.3 Internal model design

As shown in the ontrol struture (Figure 3.2), the internal model is to alulate x̂2 so as to

get the desired trajetory x∗2 for the inner fast loop. In order to realize the inner urrent ontrol

(3.15), it is neessary to have x∗2. As v2 tends towards x̄2 when ω̃1 → 0, it remains to get x̂2.

For a Hamiltonian system (3.3), reprinted in a general form (3.33) :

ẋ = [J (u)−R]∇H(x) + g(ω) (3.33a)

H(x) =
1

2
x⊤Qx (3.33b)

From (3.33a), we may obtain :

∇H(x)⊤ẋ = ∇H(x)⊤ {[J (u)−R]∇H(x) + g(ω)}
= −∇H(x)⊤R∇H(x) +∇H(x)⊤g(ω)
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From (3.33b), we may obtain :

∇H(x)⊤ẋ = 2Qx⊤ẋ

Thus, it is easy to get :

2Qx⊤ẋ = −∇H(x)⊤R∇H(x) +∇H(x)⊤g(ω)

Q
d

dt
(x⊤x) = −∇H(x)⊤R∇H(x) +∇H(x)⊤g(ω)

Integrating at both sides of the equation, we obtain :

Q(x⊤x) = −
∫

∇H(x)⊤R∇H(x) +

∫

∇H(x)⊤g(ω) + cte (3.34)

where, cte is a onstant. It an be seen that (3.34) expresses the energy onservation law. The

left side is the total energy stored in the system, the �rst term on the right side is the energy

dissipation, the seond term is the energy supplied by the exosystem, and thus the onstant cte
is the initial energy in the system :

Q(x⊤x)
︸ ︷︷ ︸

stored energy

= −
∫

∇H(x)⊤R∇H(x)

︸ ︷︷ ︸

dissipated energy

+

∫

∇H(x)⊤g(ω)

︸ ︷︷ ︸

supplied energy

+ H[x(0)]
︸ ︷︷ ︸

initial energy

(3.35)

Hene, the state referenes an be dedued based on the energy expression (3.35).

Bak to our spei� ase, the ontrol objetive is to absorb the fast disturbane ω̃1 by the

ultraapaitor side onverter, this is to say that we want the urrent disturbane ω̃1 to go through

the ultraapaitor side onverter. This is equivalent to ω̃1 = −u2
x2
L2
.

In order to get the desired trajetories of the system states, multiply

x2
L2

at both sides of (3.2b),

substitute with (3.2a) and (3.2) and after some manipulations, we get, when x3 = x̄3 :

1

L2
x2ẋ2 +

1

Csc
x4ẋ4 = ω̃1

x̄3
C

− x24
RscC2

sc

(3.36)

This is equivalent to :

d

dt
(

1

2L2
x2

2) +
d

dt
(

1

2Csc
x4

2) = ω̃1
x̄3
C

− x24
RscC2

sc

(3.37)

Integrating both sides of the equation with respet to t, we get the following energy equation :

1

2L2
x22 +

1

2Csc
x24

︸ ︷︷ ︸

stored energy in UC

+

∫ t

0

x24
RscC2

sc

dt

︸ ︷︷ ︸

dissipated energy in UC

= H[x(0)]

︸ ︷︷ ︸

initial energy

+

∫ t

0
ω̃1

x̄3
C

dt

︸ ︷︷ ︸

supplied energy

(3.38)

where, H[x(0)] is a onstant whih represents the initial energy stored in the ultraapaitor side

onverter. Notie that

1
2L2

x22 +
1

2Csc
x24 is atually the total stored energy in the ultraapaitor

side onverter (the sum of the �kineti energy" stored in the indutor

1
2L2

x22 and the �potential

energy" stored in the ultraapaitor

1
2Csc

x24).
∫ t

0
x2
4

RscC2
sc
dt is the dissipated energy onsumed by

the resistor, and

∫ t

0 ω̃1
x̄3
C
dt an be explained as the disturbane energy in the DC bus.

H[x(0)] =
1

2L2
x̄22 +

1

2Csc
x̄24 +

∫ t

0

x̄24
RscC2

sc

dt



�Main� � 2015/4/7 � 15:08 � page 67 � #81

3.4 Controller design 67

Eliminating x̄2 by substituting with (3.13), we get :

H[x(0)] = (
L2

2R2
scC

2
sc

+
1

2Csc
)x̄24 +

∫ t

0

x̄24
RscC2

sc

dt

Substituting into (3.38), we get :

x22
2L2

+
x24
2Csc

= (
L2

2R2
scC

2
sc

+
1

2Csc
)x̄24 +

∫ t

0

(

ω̃1
x̄3
C

− x24 − x̄24
RscC2

sc

)

dt (3.39)

Consequently, the desired trajetory an be dedued from :

(x∗2)
2

2L2
+

(x∗4)
2

2Csc
= (

L2

2R2
scC

2
sc

+
1

2Csc
)x̄24

︸ ︷︷ ︸

H̄

+

∫ t

0

(

ω̃1
x̄3
C

− (x∗4)
2 − x̄24

RscC2
sc

)

dt

︸ ︷︷ ︸

W̃

(3.40)

It is not easy to write analytial forms of x∗2 and x∗4. Herein, we propose a novel algorithm to

obtain an approximation of the solution.

From physial point of view, (H̄ + W̃ ) is supposed to be positive, then we may obtain an ellipse

expression as follow :

1

2L2(H̄ + W̃ )
(x∗2)

2 +
1

2Csc(H̄ + W̃ )
(x∗4)

2 = 1 (3.41)

Thus, the desired trajetory x∗4 is the trajetory along the axis :

x∗4 = [2Csc(H̄ + W̃ )]
1
2

= (2CscH̄)
1
2 (1 +

W̃

H̄
)
1
2

(3.42)

Applying the binominal series

2

to get an approximation of the desired trajetory x∗4 as follow :

x∗4 =
√

2CscH̄(1 +
1

2H̄
W̃ − 1

8H̄2
W̃ 2) (3.43)

the �rst derivative is :

ẋ∗4 =
√

2CscH̄(
1

2d
˙̃W − 1

4d2
W̃ ˙̃W ) (3.44)

2. The binomial series is expliitly written as :

(1 + x)p =
∞∑

n=0

(pn)x
n = 1 + px+

p(p− 1)

2!
x
2 + · · ·

where, (pn) =
p!

n!(p−n)!
. When |x| < 1, the series onverges absolutely for any omplex number p.
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then, the desired trajetory x∗2 an be dedued from (3.2d) :

x∗2 = −L2ẋ
∗
4 −

L2x
∗
4

RscCsc
(3.45)

thus, we obtain x̂2 as follow :

x̂2 = x∗2 − x̄2 = −L2ẋ
∗
4 −

L2x̂4
RscCsc

(3.46)

Notie that when Rsc → ∞, the expression of the desired trajetory an be simpli�ed as an

analytial form.

3.5 Simulation results

The e�etiveness of the ontrol algorithm is veri�ed through simulation. The ontroller is applied

to the system shown in Figure 3.1. The system parameters are given as follows :

L1 = 2.5mH ; R = 100Ω ; C = 440µF ;

L2 = 2.5mH ; Rsc = 1KΩ ; Csc = 3.25F ;

E = 100V ; V̄dc = 600V ; V̄sc = 400V ;

The exogenous disturbane is �rst set as a sinusoidal signal with fundamental frequeny 7.5Hz
(orresponds to a rotation speed 47.1rad/s on the rankshaft). Figure 3.3 gives the simulation

results. In order to see learly the e�etiveness of the designed ontroller, an ordinary asade

ontrol algorithm without onsidering disturbane rejetion (x̂2 is set to zero) is �rst applied to

the DC-DC onverters, and then the ontrol algorithm designed in this hapter is applied at time

t = 5s. It an be seen from the �gure that the external sinusoidal urrent leads to unwanted os-

illations in the DC bus voltage and the battery urrent. When the designed ontroller is added,

the amplitude of these osillations are signi�antly redued. On the ontrary, the osillations in

the ultraapaitor side onverter are inreased, whih implies that the disturbane is suess-

fully absorbed by the ultraapaitor side onverter. Moreover, the ultraapaitor voltage remains

around it nominal state of harge (400V ). Figure 3.4 gives the frequeny spetrum analysis of

the urrent in the ultraapaitor side onverter. It is lear in the �gure that the signal ontains

a harmoni of 7.5Hz, and the amplitude of the harmoni obviously inreases when the designed

ontroller is added.

Similar omparison is presented in Figure 3.5. The exogenous disturbane is set as a persistent

disturbane with three harmonis (7.5Hz,15Hz and 22.5Hz). Similar with the system responses

with sinusoidal disturbane, when the designed disturbane rejetion algorithm is swithed on at

t = 5s, the osillations in the battery side onverter obviously redue, while the osillations in the

ultraapaitor side onverter signi�antly inrease. A frequeny spetrum analysis of the urrent

IL2 is shown in Figure 3.6. The urrent e�etively absorbs the three harmonis. Moreover, the

DC bus voltage the ultraapaitor voltage remains around their nominal values.

The next step is to test the ontrol algorithm when there are step variations in the external

urrent. To ahieve this, a step signal plus a sinusoidal harmoni is set as the exogenous urrent.

In the ontrol algorithm, ω̃1 and ω̄1 are obtained by using a band-pass �lter and a low-pass
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Figure 3.3 � Simulation results with sinusoidal urrent disturbane (From top to bottom : ex-

ternal urrent, urrent through L1, voltage in the DC bus, urrent through L2 and ultraapaitor

voltage)
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Figure 3.4 � Spetrum analysis of the urrent through L2 with (right) and without (left) the

ontrol algorithm

�lter shown in Figure 3.7. Choosing the ut-o� frequeny of the low-pass �lter as 5rad/s, and
the ut-o� frequeny of the band-pass �lter between 5rad/s and 1000rad/s, the outputs of the

�lters, ω̄1 and ω̃1, are given in Figure 3.8. Figure 3.9 shows the simulation results. Similarly, in

order to see learly the e�etiveness of the designed ontroller, a ontrast of the simulation results

with and without the designed ontroller are presented in di�erent olours. It an be seen from

the �gure that with the designed ontroller, the ultraapaitor side onverter e�etively absorbs

the transient and sinusoidal disturbane, and more importantly, the battery urrent varies more

smoothly. The DC bus voltage and the ultraapaitor voltage remains around their nominal
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Figure 3.5 � Simulation results with three harmoni urrent disturbane (From top to bot-

tom : external urrent, urrent through L1, voltage in the DC bus, urrent through L2 and
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Figure 3.6 � Spetrum analysis of the urrent through L2 with (right) and without (left) the

ontrol algorithm

values.

Now that we have tested the ontrol performane of system under di�erent exogenous distur-

banes. It an be seen learly from the system responses that the trajetory of the states in the

ultraapaitor side onverter forms a limit yle at steady state. It is based on this fat that we

alulate the trajetory referene in setion 3.4.3. Figure 3.10 shows the desired trajetories of

(IL2 , Vsc) under di�erent exogenous disturbanes. It an be seen that the limit yle is a regular

ellipse when the external urrent is a regular sinusoidal signal. When the number of harmo-

nis inreases, the shapes of the limit yles beome irregular but remain in the neighbourhood.
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Figure 3.7 � Shemati diagram of �lters

Moreover, when there is a transient disturbane, the trajetory skip from a limit yle to another.
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3.6 Conlusions

In this hapter, we have presented our ontributed ontroller for hybrid batteries/ultraapaitor

energy storage system with exogenous disturbed urrent. The urrent disturbane may be sinu-

soidal or transient. The sinusoidal disturbane is due to the internal ombustion engine torque

ripples ompensation, and the transient disturbane, whih has been widely studied by resear-

hers, is aused by the sudden exhange of power in the proess of aeleration or braking. Our

ontrol objetive is to protet the battery from the disturbanes and apture the disturbanes

via the ultraapaitor. Meanwhile, we attempt to maintain a onstant voltage in the DC bus,

and maintain the average voltage of the ultraapaitor around a given value. Our ontrol idea

is based on a multi-timesale approah whih separates the system into a fast model and a
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slow model. Furthermore, we onsider the hybrid energy system alone without disturbanes, and

identify the solution of the problem as a stati solution. And then, we de�ne the solution of the

system with disturbanes as a dynami solution. The fast model and the slow model are then

onneted through a asade ontrol struture with a fast inner loop and a slow outer loop. The

ontrol objetive is ahieved by driving the slow model to the stati solution and foring the fast

model to reah the desired dynami solution. The dynami solution is dedued from the analysis



�Main� � 2015/4/7 � 15:08 � page 73 � #87

3.6 Conlusions 73

of energy distribution and generated by an internal model. The ontroller aiming to drive the

system to the stati equilibrium is designed via interonnetion and damping assignment. The

e�etiveness of the ontroller has been veri�ed through simulations. In order to be more onvin-

ing, we attempt to apply the ontrol algorithm in the experiments. The experiment results will

be presented in the next hapter.
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4.1 Introdution

In the last hapter, we have developed our disturbane rejetion algorithm for battery/ultraa-

paitor hybrid energy system with exogenous urrent disturbane. In this hapter, we attempt to

apply the ontrol 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 eletri vehile appliation, the exogenous urrent dis-

turbane on the DC bus is transferred from the DC-AC onverter eletrially onneted to the

PMSM. The PMSM is mehanially onneted to the ICE. Stritly speaking, to be more onvin-

ing, we should integrate the DC-AC onverter, the PMSM, the ICE, and the ative ontrol

algorithm developed in [Nje11℄ with our hybrid energy system and test our disturbane reje-

tion algorithm for the DC-DC onverters. However, due to the omplexity 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 soure to emulate the behaviour of the

real exosystem. The persistent disturbane generated by the real exosystem an be deomposed

into several harmonis. Hene, herein we test one harmoni and the same ontrol algorithm an

be extended to other harmonis. The transient disturbane is aused by the sudden hange of

the power demand. This is re�eted via the hange of the resistive load. In this way, we might

atually generalize our hybrid energy storage system and the disturbane rejetion algorithm to

a wider range of appliations, not only hybrid eletri vehiles but also pure eletrial vehiles

or even renewable energy generation system wherever a hybrid energy storage system is applied

and exogenous urrent disturbanes appear in the DC bus.

A omparison of the experimental results with and without the disturbane rejetion algorithm

under di�erent exogenous disturbanes will be presented to evaluate the ontroller performane.

The system responses show that, with the designed ontrol algorithm, the disturbanes in the

battery side onverter are obviously rejeted while the disturbanes are e�etively absorbed in

the ultraapaitor side onverter.

4.2 Experimental equipment

The experimental test benh is mainly omposed of a Lithium-Ion battery system, an ultraapa-

itor pak, a boost onverter, a bi-diretional DC-DC onverter, resistive loads and a sinusoidal

voltage generator. The voltage generator is onneted to the iruit to simulate sinusoidal urrent

disturbanes. Several strategies are applied to protet the iruit inluding protetion resistors

whih limit the urrents in the stage of start-up of the system. The overall test benh is shown

in Figure 4.1. The iruit signals ommuniate with the ontrol terminal through a dSPACE

DS1104 board and the related dSPACE software. The dSPACE provides an interfae for the

ommuniation of analog signals and numerial signals, and provides a powerful platform allo-

wing to ontrol and monitor the urrent and the voltage of the iruit in real time and to design

the ontrol program under MATLAB/simulink environment [DS204,Gha12℄. In this setion, we

will present some details of eah experimental module and the embedding of the ontrol algo-

rithm. The parameters of the experimental equipment and the ontrol algorithm an be found

in Table 4.1.
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Figure 4.1 � Experimental test benh

4.2.1 Battery system

The battery we use is a SAFT Lithium-Ion battery system [MAH09℄. It is omposed of two

battery modules MOD-VLM48-039 onneted in series. Eah module ontains 14 VL41M ells

(4V, 39Ah). The system omes with a battery management module. The module needs to be

supplied by a 24V power soure and enables to monitor the battery states and protet the

battery. We may therefore monitor the state of harge (SOC) of the battery and harge or stop

harging the battery aording to the perentage of SOC. When the battery is onneted to the

boost onverter, it imposes its nominal voltage (≈100V) on the DC bus due to the existene of

the diode. Our desired voltage in the DC bus is 300V. The moment when the power onverter

stats up, there is a peak urrent through the indutor. For sake of seurity, we have integrated

a fuse in the onverter to limit the urrent �ow to 5A. Consequently, it is neessary to avoid

this transient urrent exeeding 5A. To ahieve this, we utilize a sliding rheostat to onnet the

battery to the boost onverter. This protetion resistor is set to maximum at the moment when

the ontrol input is added, and then set to zero when the iruit is steady.

4.2.2 Ultraapaitor

Our laboratory possesses a pak of ultraapaitor having aess to four various apaitanes

aording to di�erent onnetion modes. En mode solo, we have aess to two apaitanes : the

maximum apaitane 52F, with the maximum voltage 15V, and a smaller apaitane 6.5F, with

the maximum voltage 120V. In parallel mode, onneting in parallel two idential 6.5F apaitors,

we may obtain a 13F apaitor with the same maximum voltage 120V. In series mode, onneting

in series two 6.5F apaitors, we may obtain a 3.25F apaitor with the maximum voltage 240V.

In our study, we use the series mode apaitor 3.25F/240V.
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Table 4.1 � Eletri parameters of the experimental system

Battery parameters

Maximum voltage 112V

Minimum voltage 76V

Nominal voltage 100V

Maximum harge urrent �+20

◦
C 30A

Maximum disharge urrent �+20

◦
C 150A

Ultraapaitor parameters

Capaitane 3.25F

Maximum voltage 240V

Nominal voltage 160V

Nominal urrent 10A

Estimated resistive loss Rsc = 8.7kΩ
Three-phase AC power soure generator parameters

Maximum power 4.5K VA

Maximum Power per Phase 1.5 K VA

Output voltage 0-150V

Frequeny 15Hz-1.2kHz

Maximum urrent per Phase (r.m.s) 12A

DC-DC onverter parameters

Battery side indutane L1 = 10mH
Ultraapaitor side indutane L2 = 10mH
Maximum urrent through the indutanes 5A

Capaitane on the DC bus C = 3850µF
Maximum voltage on the DC bus 425V

Nominal voltage on the DC bus 300V

Estimated total resistive loss in the iruit R = 900Ω
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A lassial physial model of ultraapaitor is shown in Figure 4.2. In this model, the ultra-

apaitor is onsidered as a onventional apaitor onneting in parallel and in series with a

resistor respetively. The model have been aepted and utilized by most researhes, and the

series resistor is usually referred to as an equivalent series resistor (ESR).

Our olleagues in the eletrial team of our laboratory have done a onentrated researh of ultra-

apaitors and proposed a more aurate physial and mathematial model [BTCM13,HJDT12℄

shown in Figure 4.3. In the proposed model, they have taken into aount the self-disharge of

ultraapaitors and found out that the total apaitane is approximately linear to the square

root of the terminal voltage. Thus, the total apaitane an be written as :

Csc = C0 + kv
√

V1

where, kv is a parameter re�eting the e�ets of the di�used layer of a ultraapaitor, and an

be alulated through experiments.

In our study, our aim is to apture the high-frequeny urrent with the ultraapaitor. The urrent

�ow through the ultraapaitor is an important variable whih is a varying manifold at steady

state. A ompliated physial model of ultraapaitor leads to a ompliated variable derivative

in state spae representation and desired trajetory representation, and thus has no muh positive

e�et on the ontrol algorithm. Atually, we need only to take the ultraapaitor self-disharge

into onsideration and try to maintain its voltage around a ertain value. Consequently, we

hoose a relative simply model of ultraapaitor with a parallel onnetion of a onventional

apaitor and an internal resistor. Thus, a parallel internal resistor may su�iently represent

the self-disharge phenomenon, and the internal resistane Rsc an be easily estimated through

experiments.
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Figure 4.4 � Exosystem

4.2.3 Exosystem

As mentioned in the seond hapter, the exogenous urrent disturbane onsists of two kinds of

disturbanes, i.e., transient disturbane and persistent disturbane. The transient disturbane

is aused by the load power sudden hange during aeleration and deeleration. While, the

persistent disturbane is due to the ombustion engine torque ripple ompensation, and an be

deomposed into several sinusoidal disturbanes with di�erent frequenies. The torque ripple

ompensation is ahieved through a PMSM torque ontrol. The ontrol algorithm has been

applied to the DC-AC onverter onneting the hybrid energy storage system. The battery and

ultraapaitor energy storage devies are onneted to the DC-AC onverter through two DC-DC

onverters. The ative ontrol algorithm of the AC-DC onverter leads to a sinusoidal urrent

disturbane on the bus. In the theoretial analysis stage, we have regarded the hybrid energy

storage system as an isolated plant and the impat on the DC bus as an exogenous disturbane.

Similarly, in the experimental stage, we utilize an �exosystem� to simulate the impat of the

urrent disturbane.

The hybrid energy system is onneted to a resistive load and an AC soure, as shown in Figure

4.4. Thus, the transient disturbane an be ahieved through a step hange of the resistive load.

The sinusoidal disturbane an be ahieved from the AC soure. We have two andidate devies in

our lab, an AC urrent generator and an AC voltage generator. However, the AC urrent generator

is not amenable for the experiment beause the rated voltage of the AC urrent generator is only

around 120V, it annot be onneted diretly to the DC bus. Therefore, we utilize the AC voltage

generator onneting with a apaitor to generate a sinusoidal urrent disturbane in the DC

bus.

The AC voltage generator is a Chroma model 61703 programmable AC power soure [ACs02℄.

It delivers pure, 5-wire, 3-phase AC power. The output voltage may vary from 0 to 150V, and

the frequeny from 15Hz to 1.2kHz. We have shown in the seond hapter that when the rota-

tional speed of the vehile is 900rpm (94.24rad/s), the harmoni disturbanes orrespond to a

fundamental frequeny of 7.5Hz. Sine the available lowest frequeny of the AC soure is 15Hz,

two times of the fundamental frequeny, we may utilize a single-phase sinusoidal output with

this frequeny as the persistent disturbane. A apaitor (4700µF,450V) is utilized to onnet

the AC soure to the DC bus. It is used to share the voltage on the DC bus, so as to protet

the AC soure. Furthermore, a sliding rheostat is also onneted in series with the AC soure to



�Main� � 2015/4/7 � 15:08 � page 81 � #95

4.2 Experimental equipment 81

Vdc

>=
AND

0.32

duty cycle

Input 

DC voltage

Maximum

Constant

Logical Relational 
operator

switch

control input

Calculated

400V

operator

duty cycle

0/1

Control
switch
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avoid the over urrent. Therefore, it is referred to as a protetion resistor.

4.2.4 Power onverters

Our laboratory has researhed and developed independently several boost onverters and has

developed reently a buk-boost bi-diretional DC-DC onverter espeially for our appliation.

Being di�erent from the bi-diretional DC-DC onverter, the swith interfaing the indutor and

the apaitor is replaed by a diode allowing only unidiretional urrent. Our experimental ob-

jetive is to apture the high frequeny disturbane by the ultraapaitor. Therefore, we onnet

the battery with a boost onverter and onnet the ultraapaitor with the bi-diretional DC-DC

onverter.

The swithes are IGBT. The two swithes in the bi-diretional DC-DC onverter are onjugated.

The ontrol inputs are Pulse-width modulation (PWM) out of the dSPACE hardware. The

frequeny of the PWM is set at 4500Hz.

The maximum urrent through the indutors is set to 5A. We have mounted fuses in the onver-

ters to ahieve over urrent protetion. Therefore, two sliding rheostat (0-106Ω3.5A) are utilized.
One is onneted between the battery and the boost onverter ; another is onneted between

the ultraapaitor and the bi-diretional onverter. The resistanes are set to the maximum at

the initial stage when the ontrol signals are swithed in, and set to zero when the system tends

to be steady. Therefore, it is obvious that the protetion resisters only work at the start up stage,

and have no in�uene after the ontrol signals swithed in.

The maximum voltage in the DC bus is set to 425V, exeeding this voltage will ring the alarm.

In order to limit the voltage in the DC bus, we design an over voltage protetion in the ontrol

interfae to avoid the DC bus voltage exeeding 400V. Figure 4.5 shows the over voltage prote-

tion struture. The onstant duty yle is a preset open-loop ontrol input whih drives the DC

bus voltage to the nominal value. The value of the swith boost blok deides to swith in or o�

our designed losed-loop ontroller. When its value is 0, the losed-loop ontroller is swithed o�,

the system operates with the onstant duty yle. When its value is 1, the losed-loop ontroller

is swithed in. If the DC bus voltage remains below 400V, the system remains regulated by the

losed-loop ontroller. If our designed losed-loop ontroller drives the DC voltage beyond the

limit, then the over voltage protetion uts immediately the losed-loop ontroller and swithes

in the open-loop ontroller. Thus, we assure that the iruit always operates within the safety

range in the debugging proess of the losed-ontroller.
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4.3 Control algorithm embedding

The iruit voltage and urrent signals are transferred to the ontrol omputer through the

dSPACE ADC module. The ontrol PWM signals are exported from the dSPACE PWM module.

The ontrol algorithm is edited under MATLAB/Simulink environment. We embed the asade

ontrol algorithm elaborated in the last hapter and verify its e�etiveness in real time. The

global struture is shown in Figure 4.6. The battery system is onneted to a boost onverter,

and the ultraapaitor pak is onneted to a bidiretional DC-DC onverter. The PWM signals

are applied to ontrol the IGBTs. The exosystem emulating the exogenous disturbane an be

swithed in or o� on the DC bus. The generated disturbanes are extrated by digital �lters. The

internal model is to alulate the desired dynami trajetory referene of the states. The fast inner

urrent loop is to ontrol the ultraapaitor side onverter and to impose the urrent traking

the desired dynami trajetory. The slow outer loop is to fore the system operating around

the desired equilibrium point. The fast loop is to impose the desired dynami to the system

and is ahieved through a PI ontroller with anti-windup. The slow outer loop is designed via

interonnet and damping assignment (IDA) and passivity-based ontrol (PBC). The ontrol

parameters an be found in Table 4.2.

The output urrent ω1 of the exosystem is to simulate the transient and persistent urrent

disturbanes. It is measured by a urrent sensor and transferred to the terminal omputer. A

low-pass �lter and a band-pass �lter are utilized to separate the onstant omponent ω̄1 and the

high-frequeny omponent ω̃1.

An anti-windup is added to avoid the integral saturation (windup). The struture anti-windup
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Table 4.2 � Control parameters of the disturbane rejetion algorithm

Filters parameters

Cut-o� frequeny of the low-pass �lter 5rad/s

Cut-o� frequeny of the band-pass �lter 5rad/s -1000rad/s

Control parameters

Sampling frequeny Fs=10kHz

Swithing frequeny 4500Hz

Proportional term kp=5.6
Integral term ki=140
Interonnetion struture j1=3.25 ;

j2=0.01 ;
j3=1.18×10−5

.

Damping injetion r1=8.5 ; c1=1800 ; c4=2.12 ;
r2=0.18 ; c2=50 ; c5=0 ;
r3=2.11 ; c3=0 ; c6=0.3413.

part is shown in Figure 4.7. When the error is in one diretion, the integral ation keeps aumu-

lating and thus the output of the PI ontroller keeps inreasing. When the atuators reah their

extreme position, if the ontrol ommand ontinues to inrease, it will be beyond the limit range

of the duty yle [0, 1]. Thus, the atuator annot follow the ontrol ommand 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

atuators do not e�etively work, the anti-windup part is added to adjust promptly the error

input of the integrator.

4.4 Experimental results of battery/ultraapaitor hybrid system

The experiments are arried out in the following steps. Initially, the ultraapaitor is �rst harged

to the nominal voltage with a DC soure. Then, at the start up stage, the system is driven to the

desired equilibrium point with an open-loop ontroller, i.e., two �xed duty yle PWM signals.
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Later, when the system operates steadily at the equilibrium point, we add the disturbanes and

the designed losed-loop ontroller to maintain the system around this operating point.

The experimental results will be presented in three setions aording to di�erent exogenous

disturbanes. First, we will show the system responses under sinusoidal urrent disturbanes.

Then, the system responses under step urrent disturbanes will be presented. Finally, we will

test the so-alled general disturbanes omposed of the two kinds of the disturbanes.

The objetive of the experiment is to observe the disturbane absorption at the ultraapaitor side

onverter, so as to verify the e�etiveness of the designed ontroller. Similar with the simulations

in the last hapter, for eah setion, we will do ontrast experiments with and without disturbane

rejetion algorithm. We apply �rst an ordinary asade ontrol algorithm without onsidering

disturbane rejetion. This is ahieved via disonneting the internal model whih imposes the

desired dynami to the system. We may observe visually the in�uene of the disturbanes to

the system. Then, we reonnet the internal model to see the ontrast results with disturbane

rejetion algorithm.

4.4.1 Sinusoidal disturbane

We �rst add the sinusoidal urrent disturbane to the DC bus. As mentioned before, the frequeny

of the sinusoidal disturbane is set at 15Hz, the available lowest frequeny of the AC soure

generator. The nominal DC bus voltage is 300V and the nominal ultraapaitor voltage is 160V.

Figure 4.8 gives the experimental results. The �gure shows the system responses without the

designed ontroller during the �rst 20 seonds. The designed disturbane rejetion algorithm is

added afterwards. It an be observed from the �gure that without the designed algorithm, the

sinusoidal disturbane leads to substantial osillations in the DC bus voltage and the battery

urrent. These urrent osillations do damage to the battery and need to be rejeted. After the

designed disturbane rejetion algorithm is added, we may see learly that the osillations in the

battery side onverter are signi�antly redued. On the ontrary, the osillations in the urrent

and the voltage of the ultraapaitor inrease. This implies that, with the designed algorithm,

the ultraapaitor side onverter suessfully absorbs the sinusoidal disturbane. Moreover, the

ultraapaitor voltage remains around its nominal value, whih indiates that the self-disharging

has been e�etively ompensated by the battery.

Figure 4.9 and Figure 4.10 show respetively the spetrum of the battery urrent and the ultra-

apaitor urrent. It an be seen from Figure 4.9 that during the �rst 20 seonds, the battery

urrent ontains a 15Hz harmoni aused by the exogenous urrent disturbane in the DC bus.

When the designed algorithm is added, this harmoni disappears. On the ontrary, it an be seen

from Figure 4.10 that the 15Hz harmoni in the ultraapaitor urrent inreases, whih further

veri�es the absorption of the sinusoidal disturbane.

Figure 4.11 gives the output of the internal model imposing the desired dynami omponent of

the ultraapaitor urrent IL2 . Sine the desired onstant omponent of IL2 is zero. The desired

trajetory IrefL2
is entirely desribed by the output of the internal model. During the �rst 20

seonds, the internal model is disonneted, so IrefL2
= 0. It an be seen from the �gure that,

when the internal model is reonneted, the urves almost oinide. This shows that the fast

inner loop e�etively onverges IL2 to its referene.
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4.4.2 Transient disturbane

We have shown the ontrol performane under sinusoidal urrent disturbane. In this setion we

test the system responses with step urrent disturbane. The step urrent variation in the DC bus

is ahieved by swithing in and swithing o� an additional resistive load. During the transient,

when the power demand suddenly inreases, the battery urrent inreases and vie versa. This

orresponds exatly with the vehile appliation. The sudden hange of the power demand auses

a rapid variation in the battery urrent whih is harmful to the battery. Numerous researhers

have studied this problem and proposed di�erent ontrol strategies to deal with the transient.

Herein, we will show how our ontrol algorithm fores the ultraapaitor to apture this transient

and smooth the battery urrent.

Figure 4.12 and Figure 4.13 shows respetively the experimental results without and with the

disturbane rejetion algorithm. It an be seen from Figure 4.12 that, without the designed

algorithm, eah time when the addition resistor is swithed in or swithed o�, there is a rapid

step variation in the battery urrent. Figure 4.13 shows the system responses with the disturbane

rejetion algorithm. It an be seen learly that there is a peak urrent eah transient when the

power demand hanges. This implies that the ultraapaitor e�etively absorbs the transient

disturbane, and the urrent through the battery varies more smoothly.
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Figure 4.12 � System responses without disturbane rejetion algorithm under transient distur-

banes

Figure 4.14 gives a ontrast of the battery urrent and the ultraapaitor urrent with and

without the designed algorithm. It an be seen from the ontrast that, with the same power
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Figure 4.13 � System responses with disturbane rejetion algorithm under transient distur-

banes

demand, the battery urrent varies more smoothly with our designed ontroller. The transient

disturbane is suessfully aptured by the ultraapaitor.

It has been veri�ed that the fast inner loop drives the ultraapaitor urrent to onverge with

its referene under sinusoidal disturbane. Herein, instead of printing two almost overlapping

urves, we show the di�erene between the ultraapaitor urrent and its referene in Figure

4.15. It an be seen from the �gure that the error is small enough (the order of magnitude 10−4
)

to be negleted. This indiates that the fast inner is also e�etive under transient disturbanes.

4.4.3 General disturbane

Now that we have tested the ontroller performane under sinusoidal disturbane and transient

disturbane respetively, we will ombine these two lasses of disturbanes together and ob-

serve the ontroller performane. Atually, these two kinds of disturbanes almost over all the

disturbanes in vehile appliation. Through harmoni deomposition methods, other forms of

disturbane an always be deomposed into several harmonis and be regarded as several si-

nusoidal disturbanes with di�erent frequenies. Consequently, we all the ombination of the

sinusoidal and transient disturbane a general disturbane.

Figure 4.16 shows the experimental results with and without the disturbane rejetion algo-

rithm. The algorithm is added at time t=25s. During the �rst 25 seonds, the high-amplitude

osillations and the rapid variations in the battery urrent an be observed. After the distur-
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Figure 4.14 � Contrasts of battery and ultraapaitor urrent with and without disturbane

rejetion algorithm under transient disturbanes
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Figure 4.16 � System responses with and without disturbane rejetion algorithm under both

transient disturbanes and sinusoidal disturbanes

bane rejetion algorithm is added, these osillations obviously redue, and the battery urrent

varies smoothly when the power demand hanges. On the ontrary, the ultraapaitor urrent

absorbs more osillations and appears high-frequeny peak urrent when the load power demand

hanges. Moreover, the DC bus voltage and ultraapaitor voltage remain around their nominal

values. Herein, the redution of the battery urrent osillation is not that signi�ant beause we

set a small exogenous sinusoidal urrent so as to limit the battery urrent. This is due to the

aforementioned onstraint that the indutor urrent in the power onverters annot exeed 5A.

4.5 Conlusions

In this hapter, we have ompleted our study with experiments. The real-time experiments are

implemented with dSPACE hardware and software. A real battery/ultraapaitor hybrid energy

storage system is built and onneted to the DC bus with a boost onverter and a bi-diretional

onverter. An exosystem built with a resistive load and an AC power soure is utilized to emulate

the behavior of the real exosystem omposed of AC-DC onverter, PMSM, ICE and the torque

ripples ompensation ative ontroller. The replaed exosystem generates transient and sinusoidal
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disturbanes in the DC bus. We have de�ned the ombination of these two lass of disturbane as

a general disturbane. Atually, general disturbanes over almost all general form of disturbanes

whih an be deomposed into di�erent harmonis. The disturbane rejetion ontrol algorithm

developed in the last hapter is tested under eah disturbane situation. We have analyzed the

system responses with and without the designed ontroller. With the disturbane rejetion ontrol

algorithm, the disturbane rejetion target is suessfully ahieved in the battery side onverter,

and the disturbane absorption task is e�etively ompleted. Moreover, the DC bus voltage and

the ultraapaitor voltage remain around their nominal values. In summary, this hapter has

veri�ed the e�etiveness of the disturbane rejetion ontrol algorithm and delares a loture of

our study.
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In this thesis, we have studied and ahieved an energy management in a battery/ultraapai-

tor hybrid energy storage system with exogenous disturbanes. A disturbane rejetion ontrol

algorithm based on a asade ontrol struture is proposed to absorb the disturbanes ausing

battery wear via the ultraapaitor. We have taken two kinds of disturbanes into onsideration :

transient disturbane results from the power demand sudden hanges during vehile aelerations

and deelerations ; and harmoni persistent disturbanes introdued from the proess of torque

ripples ompensation in hybrid eletri vehiles, an issue left over in the thesis of Mohamed

NJEH.

In the state of the art, we have presented a ontrast of three main energy storage devies :

fuel ells, batteries and ultraapaitors ; and reviewed various on�gurations of the hybridization

among them and several ontrol strategies. The topology of our hybrid energy storage system

is two DC-DC power onverters interfaing the battery/ultraapaitor and the DC bus, whih

provides a large �exibility to manage the energy, and is adaptable in vehiular and other applia-

tions. The transient urrent disturbane in the DC bus has been widely studied in the literature.

Therefore, we fous mainly on the sinusoidal disturbane based on the disturbane signal har-

moni deomposition. The ontributed disturbane rejetion ontrol algorithm is turned out to

be apable of applying to both kinds of the disturbanes.

The ontrol objetive is to alloate the energy in the hybrid energy storage system, espeially, to

apture the disturbane energy via the ultraapaitor, so as to ahieve a steady energy output

from the battery and maintain a onstant DC voltage. Based on this idea, we have �rst simpli�ed

the problem by onsidering the battery side onverter and the ultraapaitor side onverter

separately, and exploited the nonlinear error output regulation theories to solve the problem.

Spei�ally, the harmoni disturbane is desribed with a linear exosystem. The error output

is de�ned as the di�erene between the disturbane energy and the energy aptured in the

ultraapaitor. The error feedbak regulator onsists of two subontrollers : an internal model

providing the steady-state ontrol input while the system states operating along their desired

trajetories ; and a stabilizer ontroller stabilizing the interonnetion of the original system and

the internal model. Simulation results have veri�ed the e�etiveness of the regulator, yet several

existing defaults hinder the regulator from testing in the experiments, inluding the strit stability

and the neglet of the ultraapaitor self-disharge phenomenon and the battery/ultraapaitor

interation.

Thereafter, we onsider the overall hybrid energy system as a whole, and take the ultraapai-

tor self-disharge in to aount 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 di�erential equations. However, it is too omplex to �nd

analytial solutions dealing with our MIMO four-dimensional model. Consequently, we exploit

an alternative approah that analyzes the system in two timesales. Thus, referring to the sin-

gular perturbation theory, the system an be regulated through a asade ontrol struture. The

ultraapaitor urrent, whih is supposed to absorb the dynami urrent disturbane, has the

fastest motion ration and is hosen as the inner loop ontrol. Besides, we de�ne the desired sys-

tem equilibrium point as the steady-state response disregarding the disturbane ; and the desired

dynami trajetory as the system response with the disturbane. Thus, the essene of the asade

ontrol struture is to drive the system to the desired equilibrium through the outer slow loop,

and impose the desired dynami via the inner fast loop. The regulator of the inner fast loop is

a simple PI ontroller, while the regulator for the outer slow loop is designed via Hamiltonian

system interonnetion and damping assignment.

The task of the ultraapaitor is to absorb the transient and the sinusoidal disturbane. For this

traking problem, a key point is to determinate the expression of the desired dynami trajetories

Consider a harmoni sinusoidal disturbane, then the desired trajetories of the ultraapaitor

urrent and voltage are supposed to be limit yles. An approximation based on energy alloation

priniple is applied to alulate the referene trajetories. This algorithm is embedded in an

internal model, from where the referene is generated.

Simulations under MATLAB/Simulink environment and experiments with dSPACE hardware

and software have been arried out to verify the e�etiveness of the disturbane rejetion as-

ade ontrol algorithm. A ontrast of the system responses with and without the algorithm has

been presented under transient disturbane, sinusoidal disturbane, and the ombination of both

respetively. The ontrast results show evidently that the disturbanes ausing battery wear are

suessfully absorbed by the ultraapaitor. Moreover, the osillations in the DC bus voltage are

also redued ; the ultraapaitor self-disharge is ompensated, and it maintains at the nominal

state of harge.

Other than the works we have done, the study of the hybrid energy storage system ould be

further developed in the following aspets :

� Replae the �lters in the ontrol algorithm with a harmoni deomposition method and

test the ontrol performane with a real ripple signal.

� Build a real onnetion between the battery/ultraapaitor system and the propulsion

system (the eletri mahine and the engine) to further evaluate the ontrol performane.

� Take the vehile start-up phase into onsideration, and integrate the limitation of the over

urrent and the harge of the ultraapaitor into the ontrol algorithm, so as to further

omplete the energy management of the hybrid energy storage system.

� Develop a battery supervision algorithm to monitor in real-time the state of harge of the

battery and to manage the hange and disharge yles while the eletri mahine working

at generator mode and motor mode.

� Extend the disturbane rejetion ontrol algorithm to other appliations suh as pure

eletri vehiles and renewable energy generation systems where exogenous disturbanes

exist and ause battery wear.
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Résumé

Ce mémoire porte sur l'étude d'un système de gestion d'énergie életrique dans un système multi-soures

soumis à des perturbations exogènes. L'appliation visée est l'alimentation d'une propulsion hybride die-

sel/életrique équipée d'un système d'absorption des pulsations de ouple. Les perturbations exogènes

onsidérées peuvent être transitoires ou persistantes. Une perturbation transitoire orrespond à une va-

riation rapide du ouple de harge, due par exemple à une aélération ou une déélération du véhiule.

Une perturbation persistante provient du système de ompensation des pulsations de ouple générées

par le moteur thermique. Le premier objetif du ontr�le est de maintenir onstante la tension du bus

ontinu. Le deuxième objetif est d'absorber dans un système de stokage rapide onstitué de super

ondensateur es perturbations qui peuvent à terme provoquer une usure prématurée de la batterie. Le

troisième objetif est de ompenser l'auto-déharge dans le super ondensateur en maintenant onstante

sa tension nominale. Les deux soures (batterie et super ondensateur) sont reliées au bus ontinu par

l'intermédiaire de deux onvertisseurs boost DC/DC. La ommande onsiste à piloter les rapports y-

liques de haque onvertisseur. C'est un système non linéaire où la ommande est multipliative de

l'état. L'approhe lassique onsistant à résoudre les équations Franis-Byrnes-Isidori ne s'applique pas

diretement dans e as où la sortie et la matrie d'interonnetion dépendent de la ommande. De plus,

si ette approhe est bien adaptée au rejet de perturbations persistantes, elle montre es limites pour le

rejet de perturbations non persistantes ombiné à des objetifs de régulation. Notre approhe a onsisté

à érire le système sous un formalisme Port-Controlled Hamiltonian et à s'a�ranhir de la ontrainte de

la dépendane de la matrie d'interonnetion ave la ommande en utilisant la théorie des perturbations

singulières. La ommande du système dégénéré peut ensuite être alulée par une approhe passive. Les

performanes de ette ommande ont été testées en simulation et à l'aide d'un ban d'essai expérimental.

Les résultats montrent l'e�aité du système d'absorption des di�érents types de perturbation tout en

respetant les deux objetifs de régulation.

Mots-lés : véhiules hybrides életriques, système multi-soure, gestion d'énergie, rejet perturbations

persistantes, régulation de sortie, formalisme Port-Controlled Hamiltonian, perturbations singulières.

Abstrat

This thesis presents the researh of energy management in a battery/ultraapaitor hybrid energy storage

system with exogenous disturbane in hybrid eletri vehiular appliation. Transient and harmoni

persistent disturbanes are the two kinds of disturbanes onsidered in this thesis. The former is due

to the transient load power demand during aeleration and deeleration, and the latter is introdued

from the proess of the internal ombustion engine torque ripples ompensation. Our ontrol objetive

is to absorb the disturbanes ausing battery wear via the ultraapaitor, and meanwhile, to maintain a

onstant DC voltage and to ompensate the self-disharge in the ultraapaitor to maintain it operating

at the nominal state of harge. The objet system is nonlinear due to the multipliative relation between

the input and the state. The traditional approah to solve Franis-Byrnes-Isidori equations annot be

diretly applied in this ase sine the interonnet matrix depends on the ontrol input. Besides, even if

this approah is well suited to the rejetion of persistent disturbanes, it shows the limits for the ase of

non-persistent disturbanes whih is also our objet. Our ontributed ontrol method is realized through

a asade ontrol struture based on the singular perturbation theory. The ultraapaitor urrent with

the fastest motion rate is ontrolled in the inner fast loop through whih we impose the desired dynami

to the system. The redued system ontrolled in the outer slow loop is a Hamiltonian system and the

ontroller is designed via interonnetion and damping assignment. Simulations and experiments have

been arried out to evaluate the ontrol performane. A ontrast of the system responses with and without

the ontrol algorithm shows that, with the ontrol algorithm, the ultraapaitor e�etively absorbs the

disturbanes ; and veri�es the e�etiveness of the ontrol algorithm.

Keywords : hybrid eletri vehiles, hybrid energy storage system, energy management, persistent dis-

turbane rejetion, output regulation, Port-Controlled Hamiltonian system, singular perturbation theory.
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