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ABSTRACT

During any travel, vehicles present movements along their vertical axes due to road roughness,
curved trajectory, braking, acceleration and inertial forces. The ordinary task of shock absorbers is to
absorb the vertical oscillations, providing comfort to the driver, always maintaining the vehicle stabil-
ity.

In particular, the active ones offer the possibility to change the damping coefficient and the chassis

lifting.

The present study analyzes regenerative hydraulic active shock absorbers, i.e. active shock absorbers
able to recover the vibrational energy into electrical one, and focuses on the design of a device able to

route the recovered energy from the four corners shock absorbers into a battery.

Exploiting the reversibility of brushless machines used for the lifting operation in active mode, the
suspension movement generates a current, mostly characterized by a frequency component equal to

the switching frequency of the brushless machine.

This type of current is not suitable for battery charging. Starting from the constraints relative to the
battery, and the analysis of the power flow, a DC/DC buck converter (whose output is represented by
the port connected to the battery) has been identified as a solution. In order to design a proper current
control, the converter has been modelled according to the state space average method. Combing this
feedback control with a feedforward one on the converter input voltage, the device is able to smooth
enough the current in input to the battery and provide to upper limits the voltages, according to the

automotive standard and the battery needs.
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Motivations

Mobility evolution cannot avoid including the reduction of fuel consumption and CO, emissions.
Consequently, vehicles and components design is more and more concerned by the environmental

impact and regulatory requirement necessary to limit the effects of an exponential development of the

INTRODUCTION

automotive sector (Tab.1).

Energy storage represents key passage for the electrification of vehicles power-train, that nowadays is

the most adopted solution to reduce fuel consumption and emissions, beyond the ones used in engine

motor control.

Euro X Fuel CO g/km | HC g/km ‘ NOx g/km | PM g/km
I Gasoline -
(Jan.1992-Jan.1993) | Diesel 2.72 0.97(HC+NOx) 0.14
II Gasoline 2.2 0.5(HC+NOx) -
(Jan.1996-Jan.1997) | Diesel 2 0.7(HC+NOx) 0.08
11T Gasoline 2.3 0.2 0.15 -
(Jan.2000-Jan.2001) | Diesel 0.64 0.56(HC+NOx) 0.5 0.05
v Gasoline 1 0.1 0.08 -
(Jan.2005-Jan.2006) | Diesel 0.5 0.3(HC+NOx) 0.25 0.025
v Gasoline 1 0.1 0.06 0.005*
(Sep.2009-Jan.2011) | Diesel 0.5 0.23(HC+NOx) 0.18 0.005
VI Gasoline 1 0.1 0.06 0.005*
(Sep.2014-Jan.2016) | Diesel 0.5 0.17(HC+NOx) 0.08 0.005

Table 1: The evolution over years of pollutant limits for automobiles. * Direct injection, lean mixture

Different structural areas of a vehicle are involved in dispersion of energy that could be otherwise
recovered contributing to the observation of emission regulations. One of these areas is the suspension

system (Fig 1) which has the double task of absorbing vibration effects due to road irregularities and
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providing comfort and safety for driver and passengers.

Figure 1: Suspension system.

Conventional suspensions are made up of a spring, a damper, and kinematic links, i.e. passive
elements which manage the vibration effects mitigation by the conversion of mechanical energy into
heat ([2]). It has been evaluated that the power dissipated in the form of heat by the four corner passive
dampers is 133 W, for a car traveling at 32 km/h on a ISO C-class road profile. The recovery of the
total amount of energy dissipated would mean a considerable emission reduction ([3]).

Objectives

The regenerative suspension system, which clearly has the additional task of energy recovery,
recalls the idea of regenerative braking, diversifying itself for the employement of vibrational energy,
instead of wheels kinetic one, for battery charging([4]).

The present study intends to analyze the hydraulic shock absorber model designed in [2] and [3], and
considers it as a starting point for the development of a device able to properly charge a 48 V lead acid

battery (Fig 2), assuming to have selected the optimal damping coefficient for the regeneration.

Battery charging methods have been object of a brief analysis in order to evaluate the worth of the
obtained result. Since the hydraulic shock absorber has been modeled as a single one coupled to

a battery, a further purpose has been to find a configuration that contemplate the four suspensions

X1V
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A Three-
Piston Elow Rotary phase DC DC

Velocity rate ' I motion | | 't I current | \ current | |
\ current
Piston Pump Motor Power DC/DC { Battery
stage

Figure 2: Power trasmission.

connection.
This means the four shock absorbers have to work simultaneously to charge a single battery. Clearly
there is more than one way to connect the four corners together, in particular two of them have been

identified and subjected to a selection.

Thesis organization

The thesis chapters are organized as follow:

State of art provides for:
e a brief overview about active shock absorber;

e examination of different ways in which regenerative active shock absorbers have been developed

in literature;

e battery charging method overview and presentation of previous work in which the topic of

battery charging by means of recovered power is dealt with.
Hydraulic regenerative active shock absorber:

o the method to realize a regenerative shock absorber designed by the mechatronic laboratory of
the Polytechnic University of Turin is presented in detail. Since it represents the preparatory
work and the background for this thesis study, it has been chosen to dedicate to it a chapter

apart for a more detailed description.
Energy management:

e The recovered (acording to the model designed in [2]) current is analyzed in order to verify
the necessity of the presence of a DC/DC converter and a constraints list is drown up for the

safeguarding of the brushless motor and the battery;
o Different converter controlling approaches are investigated along the chapter sections;

XV
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e The coexistence of the four shock absorbers is analyzed and a configuration in which the four

of them can charge a single battery is identified;
e Results and operational configuration of the final design are showed.
Design validation:

e the converter design is simplified and implemented by means of a multipurpose power module
in order to provide for a test verification of the control strategy and the high view behavior of

the coupling between the inverter-motor group and the converter.
Conclusion:

o the chapter provides for a summary of the thesis work, an overall efficiency analysis taking into

account the entire shock absorber model, and a description of possible future application.

XVvi



CHAPTER 1

STATE OF ART

Vehicles are provided with a suspension system that, beyond holding the chassis, isolates the ve-
hicle from road irregularities, limiting the vertical acceleration of the suspended mass, in order to
improve the driving comfort.

Many vehicles employ passive shock absorbers, that are the simplest and the cheapest ones, hence the
most used in commercial vehicles. They are essentially constituted by the parallel of a spring and a
viscous damper, whose parameters are fixed and chosen as a trade of between driving comfort needs
and handling requirements.

In fact, too soft suspensions improve comfort, since they rapidly deform compensating road asperities,
but risking to reduce roadholding because of wide vertical oscillations and the resulting fluctuations

of the contacting force between the tire and the road.

Sport cars have very hard suspensions, suitable for vehicle handling and roadholding but useless in
everyday life. Passive shock absorbers performances are limited by the simplicity of the actuation
devices and by the insufficient number of degree of freedom. For this reason, semi-active and active

suspensions are more and more employed especially for sport or high cost cars.

Semi active shock absorbers are anyway made up of a spring-damper parallel system but also of a

controlled actuator able to suitably vary the damping constant.

In active shock absorbers, beyond the spring and the damper is also present an actuator able to gener-
ate an internal time variable force between the vehicle chassis and the tire.
These systems, by means of an appropriate force modulation, let to stabilizing the movement obtain-

ing higher performances with repect to passive suspensions.
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A recent trend involves the use of electronic command circuits for the conversion of the dissipated
energy into electrical one, increasing the overall efficiency system. In the last decade, many studies
have been concerned the development of regenerative active shock absorbers, analyzing the different
methods for the conversion of the mechanical vibration energy into electricity. Regenerative shock
absorbers can be linear or interested by the linear to rotary motion conversion achieved by means of
mechanical and/or hydraulic systems.

In Fig.1.1 are showed typical damper configurations that are strictly related to the layout of the vehicle

suspension.

(b)

Permanent-magnet array Rack Gearbox Motor
|
i = —— —
Stator with windings Pinion
© Motor Nut Screw @ Screw Rotor  Stator
7 [|><| |1 ]
.
— FH /] —] I; ZZ /]
-
ol |
X o = o
Nut

Figure 1.1: Possible configurations of the electromechanical shock absorbers (EMSA). (a) Linear, (b)
rack—pinion, (c) ball screw, rotating-screw and (d) ball screw, rotating-nut([9]).

1.1 Regenerative active shock absorbers

1.1.1 Linear regenerative electromagnetic shock absorber

In [5], the working principle of regenerative electromagnetic shock absorber has been examined:
exploiting the relative displacement between coils group and permanent magnet assembly, it behaves

like a linear generator and provides damping actions.

The regenerative electromagnetic shock absorber is made up of four elements:

e a permanent magnet array
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e a coil windings array
e two guide cylinders
e spiral spring

The permanent magnet array is tied to the vehicle wheel shaft and the coil windings array is connected
to the vehicle body. When the vehicle drives on, the relative motion between vehicle body and wheel
shaft generates a damping force opposite to the coil assembly.

The perpendicular movement of the conductor with respect to the magnetic field to identify the Lorentz
force which induced an electromotive force and an eddy current in the coil cross section: hence power
is recovered.

According to the paper, the shock absorber is feasible and actually provide for a regeneration current,

though no reference about the current typology, as well as the battery charging, are present.

1.1.2 Regenerative active shock absorber exploiting electric motors

The rack pinion mechanism, employed for linear to rotary conversion, allows the usage of an elec-
tric rotary motor for the generator.

In a recent work ([6]), in order to increase the efficiency, the electric machine has been supplied with
unidirectional angular motion, differently from conventional rotational regenerative shock absorbers
in which mechanical vibration are converted into bidirectional rotation. The unidirectional motion is
obtained by means of a clutch system.

Regenerative shock absorbers have been designed to be compact: a pair of rack and pinion, one shaft
and three bevel gears have been used.

Two roller clutches connect the pinion with two larger bevel gears located at the opposite side of a
third smaller bevel gear. At each movement direction of the pinion corresponds only one of the two
larger bevel gears rotation: the large bevel gears rotates in opposite direction and are set on the two
opposite sides of the small bevel gears, that thus, will always be driven in the same direction as well
as the electric machine.

Pinion, shaft, and bevel gears have been mounted on a cylinder, while another cylinder is in charge to
guiding the linear motion. The rotational motion transmitted to the DC generator make it to produce
a back electromotive voltage proportional to the rotational speed.

The output recovered electrical powers has been measured on a load resistance, thus also in this study

there is no mention to how this power could be actually employed for the charging of a battery.

A closer attention to the output power, recovered by a shock absorber that exploit the rack pinion
mechanism, is given in [7]: although the power output has still been measured on an external resis-

tance a power stage has been set up as output of the DC generator.
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Figure 1.2: Simplified schematic view of the shock absorber with mechanical motion rectifier designed
in [6]

The three- phase current generated by the brushless machine is unwitting and unsteady, thus not suit-
able for battery charging. A rectifier is needed, to convert the alternating three-phase current into a
pulse-shape current, as well as a voltage regulator, used for providing power stability to loads.

Pulse-shape current is still no suitable for battery charging but does not cause issue for the chargin of
super capacitor. Hence a super capacitor has been selected, rather than a battery, has been selected to

store the electric recovered energy.

The ball screw mechanism is also common for linear to rotary motion conversion, coupled with an
electric motor.

In work [8] the electro-mechanical actuator is constituted by DC motor and the ball screw mechanism,
so that both, active suspension functionality and energy regeneration can be achieved. The linear vi-
bration motion is converted into the motor input torque by means of the rotating screw.

Active suspensions provide damping control and, with it, energy saving, in fact the amount of energy

recovered depends on the damping of the suspension system.

The ball screw mechanism has been also used in [9], with the difference that in this case is the nut,
rather than the screw, to rotate. The overall structure of the regenerative shock absorber presented by
the paper is described below: the motion, due to vibration, makes two concentric housing cylinders
sliding.

The external cylinder holds the screw. A three-phase permanent-magnet brushless, whose rotor shaft

is fixed to the nut, is the electric rotary machine placed in the internal cylinder.

4
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P o N
3 @ ® '\‘D (o)

Figure 1.3: Shock absorber detailed section view. (1) Outer housing, (2) screw, (3) bottom cap, (4)
inner housing, (5) rotor, (6) permanent magnets, (7) ball bearings, (8) nut, (9) stator, (10) encoder,

(11) top cap. [9]

1.2 Battery charging

Traditionally there are two methods of charging lead-acid batteries (Fig.1.4)([?]):

e constant current charging

e constant voltage charging

o Sharging
[} 1
] 1

Charging
Current

0A

Constant Current

Battery
Voltage

¥
ifonstant Voltage Charging Time

Vmin

Charging start

1 Time
Charging finished

Figure 1.4: Comparison between constant current charging method and constant voltage charging

method.

In the constant current charging method, the charger output voltage varies so that the current supplied

to the battery could be uniform regardless

of its state of charge. This charging method is suitable for

batteries used in cycling application and requires that the charger removal when the battery is fully

5
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charged.

The preferred method for charging batteries in standby use is constant voltage charging method: the
same voltage is applied to the battery, regardless state of charge (SOC). When the charging starts, the
recharging current is high because of the high potential difference between the discharged battery and
the charger, then, it gradually decreases as the battery voltage and SOC increases.

The constant voltage charging provides for two common charging voltage levels: float and equalize.
In the former case the battery is recharged and maintained in a fully charged condition by keeping the
battery at a voltage level that will maintain its charge. Instead, in the equalize or boost charging, the

charger voltage level is higher than the float charge voltage in order to obtain a quicker recharge.

The literature explores the topic of designing a regenerative shock absorber fully, but it’s often lacking

in the analysis of the way in which the recovered power could actually charge a battery.

The regenerative hydraulic shock absorber presented in [11] is very similar to the one designed in
[2] except from the fact that the motion rectification takes place after the transition trough the gen-
erator rather than before. Overlooking the shock absorber hydro-mechanical part, that will be fully
explained in the following chapter, the electrical system is made up of the generator, a rectifier circuit,
a DC voltage step up circuit, a diode and finally the battery.

The study analyzes the battery perspective focusing on different states of charge but always consider-

ing a constant angular velocity of the generator, i.e. a very unlikely situation.

Although in [11] had been also designed the circuit that make possible the battery charging, no expla-
nation about components choices nor about control strategies are given.

In order to find work that present more complete analysis about the recovered energy management,
it’ necessary to broaden the research field. Renewable energy sources papers generally pay specific

attention to the charging circuit.

In [12] study, the purpose is to charge more battery sets each connected to a microgrid by means
of DC/DC and DC/AC converters.

The DC/DC controller consists in local voltage and current loops implemented through a proportional-
integral (PI) controller (Fig.1.5); an extra State of Charge loop, based on an average-based control,
has been added so that the overall control object is not only the traditional voltage and current control,
but also the equalizing of the SoC of all battery sets (i.e. the average of all SoC values could be equal
to that of each SoC).

The SoC of each battery set is measured, and in the decentralized controller of the DC/DC inverter
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SoC R +
Battery Set #k | DC .
DC I

Figure 1.5: Conventional DC voltage and current control loop ([12]).

their average is computed.

Considering the dynamics of SoC as a slow one, the average-based loop has been designed as the outer
loop, thus its output is provided to the inner voltage and current cascaded control loops as an additive
term.

The work shows remarkable differences with the situation analyzed in the present thesis, such as the
source of recovered energy and the number of battery, anyway the control strategy developed could
be properly modified suitably for the purpose of storing the energy recovered by the active shock ab-

sorber in a battery.

In [13], a DCDC buck converter was built, and its controller was developed (Fig. 1.6), for battery
chargers because of its application in many applications including renewable energy sources, invert-
ers, electric vehicles and robots. The work offers a detailed description of the converter modeling
as well as of the controller synthesis: the buck characteristic transfer function has been obtained by
means of the state space averaging modeling, while the controller is composed by two nested loops,
an internal peak current mode controller, and an external voltage controller.
The controller is designed so that the converter output voltage follows the given reference. The voltage
controller produces current command signal to the peak current control loop.

The designed control system shows good results but, they obtained feeding the converter with a
constant voltage. Once more the general structure represents a hint for the achieving of this thesis

purpose, but is still far from its conclusion.
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Figure 1.6: The developed DC-DC buck converter control system (1.6).



CHAPTER 2

PREPARATORY WORK: REGENERATIVE
HYDRAULIC ACTIVE SHOCK ABSORBERS

The present study deals with the funneling of the energy coming from the active shock absorbers
in the 48 V battery charging. Hence it requires, as starting point, the analysis and comprehension of

the regenerative suspension model (Fig.2.1) and its control.

In the mechatronic laboratory of the Polytechnic University of Turin and Magneti Marelli Shock

Regenerative
damper

Figure 2.1: Quarter car model: my sprung mass, m, unsprung mass, k; suspension stiffness, k, tire
stiffness.

Absorbers, in the context of a research contract, an electro-hydrostatic version of the regenerative
shock absorbers has been designed.
This solution has been preferred to the others previously presented,since it is a compromise among

work efficiency, force density value, integration simplicity, fatigue resistance and actuator placement
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flexibility.
The reference vehicle for the model development is the Jeep Renegade (Fig.2.2). All the chapter is a

Figure 2.2: Jeep Renegade.

brief explenation of [2]

2.1 Design

In suspension framework it’s necessary a system able to convert linear motor into angular dis-
placement because of the presence of a rotary electric motor. These systems are usually based on

mechanical (rack pinion, ball screw) or hydraulic working principle.

Although electromechanical technologies present positive aspects, they are difficult to integrate into
the suspension, since component wear and fatigue are crucial issues, not yet fully clarified, to be taken

into account in a vehicle damping task.

In order to obtain suspensions systems, able to harvest energy using controllable damping coefficient
the electro-hydrostatic actuation principle has been exploited. Hydraulic shock absorbers (showed in
Fig. 2.3) use a hydro-static circuit for the piston linear movement into a rotational one, thus the criti-
cal aspects of the electomechanical system are overcome by the usage of the fluid that, beyond being

intrinsically lubricated, provides better flexibility as power transmission mean.

The hydraulic regenerative dampers ability of energy harvesting is greatly effected by the motor-
pump unit, hence the integration of hydraulic, mechanical and electric subsystems have been optimize
to get the maximum energy recovery without losing the damping feature and considering design con-

straints.

10
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Figure 2.3: Layout of a hydraulic regenerative shock absorber([2]). Concept scheme (a): battery (1),
power stage (2), electric motor (3), hydraulic pump (4), pressure-relief valves (5), check valves (6),
piston (7), gas accumulator (8), base (9). Prototype side view (b): manifold (10), motor-pump unit
(11), spring holder (12), rod (13), external tube (14), anti-roll bar bracket (15), wheel hub bracket (16).

A proper motor-pump design must deal with the different constraints concerning with the working
domain of the shock absorber (Fig. 2.4). The damping specifications are used to define the pump
geometric design, and together with the resulting device parameters, to set up the machine electro-
magnetic design.

From the DC supply voltage specifications, the turns number of the electrical machine windings has
been obtained. The motor-pump design has been validated through thermal analysis.

The power stage components are choosen in order to be compliant with electric machine parameters
and the supply requirements. The damping envelope and the physical limitations had been taken into

account for the development of the control strategy.

2.2 Architecture

A gerotor pump has been employed for the development of the hydraulic active suspension.In fact,
because of its fixed displacement, this device offers relevant advantages with respect to other hydraulic

pumps (reduced tooth wear, low amount of components, fluid power system integration).

The system works employing a conventional twin-tube shock absorber architecture directly linked
to the hydraulic pump ports. When the vehicle is moving, because of the ground irregularities, the

shock absorber piston oscillates in the tube at a speed v,. The oil flow rate Q, caused by the piston

11
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Figure 2.4: Design method for the motor-pump unit ([2])

motion drives the hydraulic pump, so that the linear movement is converted into a rotation Q,. The
pump is mechanically coupled to a brush-less machine, which acts as a generator in a portion of the
damping quadrants.

This architecture makes the system capable to provide electrical energy, for example to a battery, start-
ing from the kinetic one generated by the suspension motion. As presented in previous works, [3], the
twin-tube rectifies the fluid flow so that the motor-pump units are supplied with unidirectional motion.
In order to minimize the hydraulic lines losses, and to provide a certain system modularity, a manifold

is employed to integrate the motor-pump group into the shock absorber tube.

The electric machine was designed according to the damping constraints when in short circuit.
Since active power is not necessary to make the motor working within the damping specifications,
a brushless permanent-magnet (PM) machine represent a solution for the torque-to-mass ratio maxi-

mization. In particular an inner rotor, radial flux, surface-mounted PM motor has been employed in

12
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the shock absorber architecture.

The power stage is made up of s three-phase full bridge, so that the active mode work can be guaran-

teed. The bridge employs three MOSFET phase legs chose according to the motor rating.

Field oriented control strategy is used (Fig. 2.5). It consists in a PI compensator whose sampling

NS

_/ direct-axis current
d-axis
control
phase currents

dq Switching Motor & abc
abc strategy inverter dq0
? angular position *
........................................ oot

g-axis

control

(.D Tzcrel‘ ";K1 d."rdI

angular speed

quadrature-axis current

Figure 2.5: Block diagram of the control strategy for the motor-pump unit. ([2])

frequency is equal to the phase switching one. Since the brushless machine control concerns only the
constant-torque region, the direct current reference is assumed equal to zero; the quadrature current
instead is obtained by means of a reference damping coefficient.

This control strategy leads to a proportionality between the electromagnetic damping torque of the ma-
chine and the angular speed Q,. Hence, according to the control scheme, machine load impedances

on the direct and quadrature axes can be evaluated as follow:

|7

Rd,ext = _T

Rponw=—-—2
q,ext

Iq

13
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where V and I are voltage and current values and, d and q subindexes indicate the direct or the quadra-
ture axis. Because the direct current is ideally null, the direct axis is in open circuit. Thus only the
quadrature axis, if R, ., can provide energy regeneration, whose values can be calculated as

3

2
Py = ERq.,extIq

Because of the difficulty in achieving all the variables needed and the power stage conduction and
switching losses, obtaining P, as described above can represent an issue: considering P, as a power

transfer from the motor phases to the DC bus the harvested power can be also computed as

Pg = Vdcldc

2.3 Efficiency

The power conversion from the hydraulic domain of the pump to the electrical one required for
battery supply is affected by different efficiency losses: volumetric, hydro-mechanical, electrical. The
first term of loss if given by

_ VeQs
v Qg
where Q, is the pump flow rate, €, its angular speed and Vj its fixed volumetric displacement.
The hydro-mechanical efficiency, due to rotating elements mechanical friction and hydraulic minor

losses is
1y,

N VgAPg

Nhm

Where T, is the electromagnetic torque of the motor and AP, the pump pressure drop.
The third loss term is due to motor and power-stage losses in terms of conversion from the mechanical

to the electrical domain because of the energy flow coming from the motor to the battery

Ne = Vdcldc
T Qy

Where V,;c and I;c are the voltage and current of the power stage DC bus.
Thus the total conversion efficiency of the motor-pump:

Vdcldc
APg Qg

N =mMNwmMNe =

14
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Experimental results show that a hydraulic shock absorber, implemented according to [2], is charac-
terized the follwing behavior: the conversion efficiency, after reaching the maximum, drops, because

of leakages and electrical losses. A quantitative analysis is presented in Tab. 2.1

Feature | Volumetric | Hydro-mechanical | Electrical | Total
avg 85.6 44 78.3 28
std 6 17.4 7.5 8.4
min 69.7 0 50.1 0
max 98.5 80 100 41.7
opt 85.5 62.4 78.2 41.7

Table 2.1: Statistic features of efficiency ([2]) average (avg), standard deviation (std), minimum (min),
maximum (max) and optimal (opt). All the values are percentages.

In Fig.2.6 is noticeable how the maximum-efficiency region of the map can be achieved when if
the control strategy prioritizes energy regeneration.
The maximum optimal value assumed by the conversion efficiency is of 41.7%. The hydraulic losses
represents the 15% of the input power, electrical losses 12%, and hydro-mechanical losses, 32%,

constitute the larger part of losses.

15
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Figure 2.6: Experimental total conversion efficiency map of the motor-pump prototype. Axis units are
normalized with respect to piston/damping force and speed ([2]).
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CHAPTER 3

ENERGY MANAGEMENT

As already explained in the previous chapter, the mechatronic laboratory of the Polytechnic Uni-
versity of Turin developed a prototype of the regenerative shock absorber that exploits hydraulic,
mechanical and electric subsystems.

It employs
e a conventional twin-tube architecture
e a pump

o brushless machine that, activated by the rotational movement produced by the pump, works as

a current generator
e an inverter

Each of these elements represents an essential link in the power conversion chain (Fig. 3.1.a) con-
tributing to the collection of the recovered power, but at the same time affects the final amount of

recovered energy with its own efficiency.

The vibrational energy, produced by the shock absorber oscillation, flows, through the power chain,
into the brushless machine and then by means of an inverter driven by a field oriented control becomes
a DC current measurable on the inverter DC bus (Fig. 3.1. b-c).

The recovered power needs to be stored: a 48 V lead acid battery is thought as storage unit.

Hence hydraulic shock absorber design provides for a direct link between the inverter and the bat-

tery: it is necessary to analyze if the current used to feed the battery is suitable for charging purpose.
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Figure 3.1: High view power conversion scheme of the regenerative shock absorber designed by
the Mechatronic Laboratory of Polytechnic University of Turin (a). A more detailed block diagram
focused on the flied oriented control for the brushless motor (b). The Simulink implementation of the
regenerative active shock absorber
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3.1 Recovered DC current analysis

In order to get a proper current evaluation is necessary to identify a suitable input angular veloc-
ity for the regenerative damper model. In his work, Mucka [14] presents an overview of the results,
reached in the field of the energy harvesting potential of vehicle suspensions, and their limits. The
bigger issue of this studies is the road condition: the road profile used are conforming to the road
classes specified in ISO 8608 that are not well representative of current roads since their smoothness

level derives from 1960/70s measurements.

Anyway, from the previous works listed in Mucka paper is possible to deduce a plausible relation
between the road roughness coefficient, i.e. the road class, and the vehicle velocity: 120 km/h for
class A, 50km/h for class C, and 30km/h for class D. These values are relevant not only for defining
the environment needed to generate a proper motor angular velocity profile, but also for efficiency
computation. In fact the suspension dissipates an average power proportional to the tire stiffness, the
vehicle speed and the road roughness index defined by ISO as showed in Zuo and Zhang [15] work.
The following analysis has been done considering a condition that maximize the regenerative current:
a C road profile (D profile is a very unlikely situation) with a vehicle speed of 50 km/h.

Sometimes also a motor angular velocity profile, generated on a C road profile and vehicle speed of
100 km/h, has been used with the only aim of verifying that the designed device has a good margin of

working conditions.

The output current on the DC bus when the vehicle velocity on a C profile road is 50 km/h presents
the shape showed in Fig.3.2

A more accurate analysis of the DC current reveals a peaks shape with the two major frequency com-
ponents at 40kHz and 80kHz (Fig. 3.3).

This is due to the switching inverter frequency (Fy,, = 40kHz), and to the space vector modulation
used to drive the inverter (characterized by a sampling time Ar = 21Fs as explained in [16]).
An additional peculiarity of the DC bus current, that has revealed itself as irrelevant for the future
design, was the presence of a small negative offset (about 1.6mA) caused by the losses of the power
stage MOSFETs. Although in the present work the shock absorber movements generated on a C class
road when the vehicle speed is 50 km/h has been mainly used, the two characteristic described above

are common to different road profiles and to different velocities.

Because of his peaks shape the DC current can’t be directly employed to charge a battery. It’s neces-
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Figure 3.2: Evolution of the current on the constant voltage (48V) DC bus when the vehicle velocity
on a C profile road is 50 km/h

sary the presence of a device able to smooth the current: the issue can be solved inserting a DC/DC
converter in the conversion power chain (Fig.3.4).
As already mentioned, in [15], using the quarter car model, has been obtained a formula for the

computation of the total amount of mechanical power dissipated by one shock absorbers:
_ 2
Pmech =7 GrVku

where G, the road roughness index, v the vehicle speed [m/s] and k, the tire stiffness. In case of a
vehicle driving at 50 km/h on a C road profile

50
Proch = n225.6—7R2263 =T9W

Applying a 40% efficiency due to the passage through the conversion power chain about 30W are
expected do be at the chain output (Fig.3.5) for each shock absorber that lead to an overall output
power of 120 W.

As first step for the converter design, some constraints has been defined as well as some simplifying

hypothesis has been done:

o the voltage on the DC bus must be greater than 48V saving for voltage drops due to the presence
of series resistances to the converter components;

e all the voltages must be upper bounded to 60V so that the device will not require extra tests but

20
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Figure 3.3: Frequency spectrum of the current on the constant voltage (48V) DC bus when the vehicle
velocity on a C profile road is 50 km/h
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Figure 3.4: The DC/DC converter block has been added to the conversion power chain presented in
Fig.3.1.a

could be part of the standard automotive ones;
o the current entering in the battery must be lower than one tenth of the battery capacity;

o the battery charging voltage should be greater than the battery voltage and lower than its float

voltage;

e the battery has been considered as a constant voltage source, hence its SoC has been neglected

for the converter design;
e the DC currents coming from each of the four active shock absorber must supply a single battery

To exploit the latter point it is necessary to define some possible configurations that can let the usage

of a single battery. In particular two of them have been identified (Fig. 3.6).

In one case each corner is provided of a DC/DC converter and the four converters are connected in

parallel to the battery. In the other case the four corners share a single DC bus that feed the only
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Figure 3.5: The regenerative active shock absorber designed in [2] is compacted in the RSA block
presenting an efficiency of about 40%. In the figure the power flow generated by one shock absorber
in case the vehicle is driving at 50 km/h on a C road profile is made explicit.
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Figure 3.6: On the left the four DC/DC, one for each vehicle corner, connected to a single battery;
on the right a single DC/DC, receiving the sum of the current coming from the motor of each shock
absorber, connected to the battery.

converter and thus the battery. The choice between the two configurations can be taken by means of

efficiency and cost analysis but for this purpose a more accurate design is needed.

An additional simplification used for the DC/DC design is given by the substitution of the entire
hydraulic shock absorber model with a current generator, after all from the converter point of view
the suspension system works as a current (positive or negative according to the brushless operational

working mode) source.

3.2 Bidirectional voltage control

Since the presence of the converter cannot compromise the working functionality of the brushless
machine, either as a motor, either as a break, a first approach has been that of considering the DC/DC
as bidirectional device, and to split the design, so that to analyze one of its operational modes in
isolation.

As showed in Fig.3.7, when the converter has to provide power to the motor-pump group, the DC/DC
is a boost with a simpler feedback PID control.
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Figure 3.7: Conversion scheme overview when the brushless machine require current from the battery

The boost converter components values have been chosen as the common ones in the commercial
DC/DCs:

o Ciy=Cyy =330uF
o L=10uH

® Rpustery = 1Q

o Vpattery =48V

The standard topology has been modified inserting an extra switch, instead of the diode, so that the
conversion device could actually be bidirectional (Fig. 3.8).

Moreover, the equivalent series resistances of the two capacitors and of the inductor has been ne-
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1 1 | ]
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InputCurrent

Figure 3.8: Bidirectional boost topology.

glected.

The PID controller has been tuned treating the device as a black box, in order to avoid the model-
ing, according to Ziegler-Nichols method. Choosing the V. on the bus a little bit higher than 48V the
controlled system behaves as in Fig. 3.9.

When the power flows from the brushless machine to the battery, the converter, with the same topol-

ogy described previously, can be seen as a buck converter with two possible control strategies (Fig.
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Figure 3.9: Feedback control response when the input current is -1A. The minus sign indicates that
the current flows in the opposite direction of a charging current.

3.10), each to be combined with the one used when the electrical machine behaves like a motor: one
is represented by a feedback control on the output voltage (on the battery side), the other by a feedfor-

ward control on the input voltage (on the motor side).

Voul
feedback
control

Vin
feedforward
control

Figure 3.10: Conversion scheme overview when the brushless machine provide current to the battery.
In the former case the combination can be obtained with an extra control that identify the working

mode of the brushless machine and thus selects which of the two controller the converter switches

have to follow.

Although the feedforward control presents some limitation with respect to the feedback one, in this

case offers the advantage of exploiting a single controller that drives only one switch, the one associate
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with the converter type (buck or boost according to the working mode, identified by means of an extra
control), while the other is left open.

In fact, the switch is actually a MOSFET that when is open behaves like a diode so that the DC/DC
topology overlaps with the standard one. This more convenient options have been examined: the PID
controller is the same used for the motor phase of the electrical machine, as well as converter topology,

the only difference is of course represented by the swapping of the stitches driving signals (Fig.3.11).

The response to the input current obtained by the movement of a suspension belonging to a vehi-
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Figure 3.11: The two control schemes representing the same device in different working modes.
cle driving at 50 km/h on a C road profile is showed in fig. 3.12.

Since the controllers combining seems to be a complex solution and does not offers any guaran-

tees about the current flowing into the battery, another approach has been preferred.

3.3 Feedback current control: Ziegler-Nichols design

There is the possibility of avoiding treating the converter as a bidirectional device exploiting an
input capacitor enough big to provide energy to the brushless machine, when it’s required, and to filter
the input current giving a smoother shape.

Starting from an input value capacitor equal to 1mF a PID controller has been designed by means of
Ziegler-Nichols method, but differently from the previous control scheme, the feedback signal is the
output current, rather than the voltage. Assuming a constant reference is possible to identify two limit

cases:
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Figure 3.12: Feedforward control response on the voltage on the DC bus

e Very low reference current (order of 1072): it’s implies a final constant current output but an

increasing voltage profile that easily overcomes the limit of 60V.

e Very high reference current (order of 10'): it’s implies the impossibility to follow the reference
for lack of input energy, hence there are no changes from the starting conditions, i.e. constant

voltage on the bus, and a peaks shape currents.

It’s clear that the reference signal cannot be a priori selected, since the converter output is greatly in-
fluenced by the input voltage values and must be a trade off between voltage and current smoothness.
The first issue naturally leads to a proportional relation between the input voltage and the reference
signal so that the trade off does not concern anymore the total reference but only the proportionality
factor.

Before defining the proportionality factor value, it’ important to note that the presence of the battery
as output of the converter could alter the theoretical proportionality relation.

Assuming, for example, a null input current (no generation) we should expect a null input voltage,
hence a null reference; this does not happen because the battery, the only power source, provides en-
ergy to the input capacitor whose voltage became the same of the battery one, saving for the voltage
drop on the converter components. The battery can recharge the input capacitor by means of the re-
circulating current in the internal diode of the MOSFET. Current ricirculation is usually an unwanted

phenomena but it let the DC bus to provide to the inverter-motor group always a voltage of at least 48V.

The control scheme has been designed as an internal current loop whose reference is the output of

a proportional feed-forward control.
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The proportional control input is the difference between the voltage on the input capacitor of the con-
verter and the battery voltage, this means that it’s only the part of the voltage on the input capacitor that

is generated by the flowing of the regeneration current coming from the brushless machine (Fig.3.27).

Pk

A 'S

Figure 3.13: Overall control scheme: the feedback current control whose reference depends on the
input voltage of the converter

Although the input capacitor value, set at the beginning of the section, provides good filtering property,
the voltage at the input of the converter overcomes the limit of 60V for values of current comparable
with the ones obtained as the sum of the currents coming from the four shock absorber (Fig.3.14).
Hence the 1mF capacitor is effective only for low input current value, i.e. only for the case in which

each shock absorber supply its own converter

Considering that none of the two configurations showed in Fig. 3.6 has still been identified as the
best one, it’s better to prevent to exclude the single DC/DC configuration. For this reason the input

the 1mF capacitor has been replaced with a 10mF one that, besides, offers a better filtering.

Once the converter topology has been defined, it has been possible to find a proper proportionality
factor.

It’s has been set to the maximum value that guarantee the output current to be enough to follow the
reference: this choice not only represent a trade off between a constant voltage (high frequency peaks
shape current) and a constant current (high frequency peaks shape voltage), but also avoid the voltage

on the capacitors to overcame the 60V limit.

The control scheme presented until now, is able to produce a smoother current shape of the battery
but this is not enough to maintain safe the battery. A charge that does not damage the battery must
provide a current smaller than one tenth of its capacity and a voltage smaller of its float voltage.

Monitoring both the output current and voltage could be resources consuming beyond that being a
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Figure 3.14: The evolution of the voltage on the DC bus

redundant operation. Actually, it is possible to compute the output voltage as function of the current

(Fig.3.15):
o

i
=L
T
T

Cout

Battery

Figure 3.15: The circuit, representing the output of the converter, clearly shows how the capacitors
and the battery with its series resistance are subjects to the same voltage, since they are connected in
parallel. I, is the current flowing in the battery and in the resistance.

Vc(w = RBalterylaut + VBattery

. If Vijoar 1s set as the maximum output voltage the corresponding output current is

I Vf loat — VBattery
V B E—
floa Rbattery

that implies lpy,, = min(IBa,,erym,Ivﬂm), where Iasrery,,, 18 the maximum current the battery can
receive, i.e. one tenth of its capacity.
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Using the most restrictive condition in term of current, it’s possible to safeguard the battery modifying
the control scheme and the converter topology: an extra control signal has been added to the output
current (Fig. 3.16.

This signal drives a switch connected to a discharge resistance (Fig.3.17): when the voltage is so high

L Vin S disharge ¥ S discharge Vin

Measurment Measurements

Measurements.

+ battery side a|+

Controller
+ a| + motor side

- battery side

motor side

]
Current Genrator DC/DC:buek Battery group
+ Input Capacitor

Figure 3.16: The circuit, representing the output of the converter, clearly shows how the capacitors
and the battery with its series resistance are subjects to the same voltage, since they are connected in
parallel. 1, is the current flowing in the battery and in the resistance.

to produce a current/voltage output that overcomes the limits previously imposed, the switch shuts,

hence the input capacitor experiences a discharge that leads to a drop on the output signals.

2f e R I & S g
= ]
L Zi) % X o,
- Win]
€T

Figure 3.17: The buck topology has been modified adding an extra switch connected to a discharge
resistance.

Assuming the condition imposed by the float voltage as the most restrictive one, the converter works
as showed in Figg.3.18,3.19.
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Figure 3.18: Voltage evolution measured on the output capacitor the converter.

3.4 Feedback current control: pole placement design

The capacitors and the inductor used in the converter until now are ideal components, but it has
been necessary to realize a more realistic model of the device: series resistors have been added to each

components.

Although the PI controller has been designed treating the converter as a black box, the DC/DC has
anyway a transfer function that link the duty cycle to the output current for which that PI controller is
clearly suitable. The ESRs presence implies the modification of this transfer function, and thus, the
worthlessness of the controller (Fig.3.20).

In order to make the control action effective it has been necessary to design a more structured
controller starting for the modelling of the buck converter.
A quite simple modelling method is the State Space-Averaging one. As explained in ([17]), the State-
Space Averaging method is demonstrated to be an effective technique to describe the small-signal line
whose aim is to characterize the transfer properties of a DC/DC converter.
Before proceeding, some modifications to the original buck topology have been done only for mod-
elling and controller design purposes (it means that no changes will be applied to the real configuration
designed until now). From the converter point of view (Fig3.21), the current generator and the capac-
itor actually represent a random voltage generator whose output value is v,(¢), and the battery load

can be seen as a simple resistance whose value has been defining exploiting the result obtained in the
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Figure 3.19: Current evolution in input to the battery.

previous paragraph:
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I

Vfloat

R

It’s actually possible to divide the switching period of the converter, Ty, in a Tpy time, during which
the converter is in conduction mode, and a Ty, during which behaves like an open circuit (Fig. 3.22).
Hence only two state variables,the inductor current iz, and the output capacitor voltage vc,,,, define

the system behavior in each time interval.

A LTI system can be represented as follows:

X=Ax+ Bu

i
X =
VCout

Assuming to be d the duty cycle, during T,,, = T;,,d the converter behavior can be described by

where

xX=Aonx+ BONVg
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Figure 3.20: Beyond the current ripple, the output current does not follow properly the reference.

where
—(ESRL—FESRCM —I—RHESRCM) —R 1
Aon = I]é LR +EiqRC"“’) Bov= |L
= - 0
C(R+ESRc,,) C(R+ESRc,,)
during T, = Tj,,d the converter behavior can be by
X = AOFFx+BOFFVg
where
—(ESRL+R||ESRc,,,) —R
0
Aopr — L L(R+ ESRc,.) Borr = H
C(R + ESRC()M) C(R + ESRCOM! )

The average combination of these two equations systems leads to a single state-space description of

the converter razing the switching ripple of the state variable:
X =Ax+ By,
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Figure 3.21: The top schematics represents the actual buck topology, the other one shows its modifi-
cations for the modelling purposes.

Switch ON period Switch OFF period
L L
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Figure 3.22: The schematics show the buck circuit respectively during 7;, and T,r¢. The voltage
generator not connecting to anything during the OFF period does not create issues since it’s only a
representation: it actually is a current generator in parallel with a capacitor.

where
—(ESRL+dESRc, +R||ESRc,,,) —R
A=Aond +Aorr(1—d) = L L(R+ESRc,,)
d
B= BONd+BOFF(1 —d) =|L
0

Since the matrices A and B may be dependent by the duty ratio, i.e the averaged equation may be non-
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linear with respect to duty, in order to achieve the final aim of providing an equivalent linear circuit,

the signals have been analyzed considering little perturbation around the operating point:

d=D+d
x=X+x
y=Y+y

The capitalized letters represent the steady state values of the signals while the carets represent the

small perturbations. The steady state operating point has been founded setting the time derivative to

zero as well as the perturbation terms £ and ¥,:
AX +bV, =0

whose solution is
X =-A"'By,

By means of the steady state values the linearized general equation of the ac small signal model,

obtained discarding the non-linear (second-order) terms, is

N

£=A%+ B+ [(Aony —Aorr)X + (Bon — Borr)V,)d

The expression displayed the two inputs of the system: the line voltage generator v, and the duty ratio
d. The system response to the variations in the duty cycle modulation term is given, exploiting the

linearity properties, setting ¥, = 0:
X =A%+ [(Aon —Aorr)X + (Bon — Bopr)Veld

The equations have been solved in the frequency domain by means of the Laplace transform:

. ESR.+ESRc, D+R||ESRc,, \ » R A Ve —ESRc,IL\ »
sip = — " 8T ERGIL ) 7 (3.)
L L(R+ESRc,,)) ™ L
R . 1
SVCo = L — VCout (3.2)

l
Cout (R + ESRCW, ) C()ut (R + ESRC{M, )

a

l . . . .
2 from the duty ratio to inductor current is obtained from (3.1) and

The resulting transfer function
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oy four(s) _ V, — ESRc, i

L Cour ( ’ ‘ Cour ) SC()MI (ESR( out R) ( C(ml )

(3.3)
It’s evident how the transfer function depends on the ESRs values, thus before proceeding is necessary

to define capacitors: in compliance with ripple values imposed by the components the desired input
capacitance has been obtained by the parallel of three 3.3mF capacitors, the output capacitance by the
parallel of three 150 F capacitors, and the inductance using a 22uH.

The controller design requires to multiply the (3.3) for the transfer function of the PWM modulator,

. . . . 1
that is characterized by no phase delays, no zeros, no pole, i.e simply for a gain equal to ,
triangle

where V, iangie 1s the highness of the modulation signal used for the PWM. The Bode diagram is

showed in Fig.3.23. The desired open loop gain, |G(s)|, is a straight line with a slope of —20dB/dec

Gid Bode Diagram

Magnitude (dB)

Phase (deg)
o

i
[l

9o b il H i il H FI R |
10° 10° 10
Frequency (rad/s)

Figure 3.23: Bode diagram of the(3.3).

and a frequency crossover f., at least equal to % fsw in order to respect Nyquist theorem, where f;,,
is the switching frequency of the converter. Actually the f. has been chosen as a trade off between
system speed and noise rejection, equal about to 1 Sfow-

The straight line can be identified by the general equation y = mx+ g, where m = —20 and, substituting
to x and y the coordinates of a known point (0,log,, 1), ¢ = 20log,, f.. The static gain of G(s), K 3,
is also equal, by definition, to q. Applying the final value theorem

K
limsG(s) = ;%ch(s)Gp(s) = }LI%SKPTC =K,K. =K

s—0
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= Ke=—-
KP

where G, (s) represents the controller transfer function and K. its static gain.

K
Writing G.(s) = ?CGQ, (s), GL(s) can be founded looking to the Fig.3.24 in which the magnitude di-
agram of G, (s) has been simply drawn: pole placement has been performed considering that G.(s)

must have a unitary gain.

The final open loop gain, obtained by means of the controller G, (s), can be observed in Fig.3.25, and

TTT T T T T T T T T T T T T TTT] T T T T T T T T T T T TTT]

80
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Magnitude (dB)

20

PR | L IR T T A i | L el L PR T o S A | L PR S T S A A |

I

0f g

L

2 3 4 5 6
1 18 Frequerjugy (rad/s) 19 10

Figure 3.24: The magnitude diagram of G(s) has been simply drawn in red on the bode diagram of
Gia(s).

the total system response to different reference signals is promising(Fig. 3.26).

The validity of the controller must be verified only in a global simulation that takes into account
the real converter topology, and not only his mathematical model, considering the overall control
scheme (Fig. 3.27).

3.5 Regenerative shock absorbers: concurrent work

Once the final topology of the converter and its controller has been defined, a comparison between
the two configurations (Fig. 3.6), that take into account the four corner charging a single battery, can
be done.

The evaluation has been performed according the following terms:
o cfficiency
® cost
e actual feasibility
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Figure 3.25: Bode diagram of the open loop gain.

The efficiency term clearly depends on the amount of current flowing on the components series re-
sistor but is also affected by the switch closing of the discharge resistance: the most the resistance
is connected to the rest of the DC/DC the most is the efficiency loss. Therefore, the presence of the
discharging resistance plays a fundamental role in favor of the configuration with a single DC/DC.

In fact when the single converter is considered, as previously explained, I, is equal to the min (IBat,erymax , Ivﬂw );

Ulmax

instead in the 4 DC/DC case the current value that drive the switching closing is mm(w W ):

. . . . 1 .
this means that there is an higher probability to be I, = W, hence in cases of great unequal

Ulmax

distribution on the four DC/DC one of the discharge switch could be closed because is providing a

I Batterypax

current bigger than , generating an efficiency loss, although the total voltage current on the

battery is less than Iusrery,,,, -

Considering the currents coming from the four shock absorber identical instant by instant, and the
devices power input computed as the product of the current on the DC bus and the voltage on the input
capacitor, the efficiency obtained as the ratio between average output power and average input power
of the converter is 67% for the 4-DC/DC configuration, and 82% for the 1-DC/DC configuration.

These efficiency results can be roughly explained splitting the power losses of the converter in two

categories: proportional to the current squared, and constant. Thus for the 4-DC/DC configuration

2
1,
P, = 4R,, ( b ib”) + 4c, while for the 1-DC/DC configurationP;, = Regl3cp,, + ¢, Where Ry, is
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Figure 3.26: Response to the unitary step with initial time 7y = Os on the left, and to a 100Hz sine
wave on the right.

not a real resistance but an equivalent term used to represent all the losses depending by the current
squared and the c term represents the constant losses with respect to the current flowing into the con-
verter (Fig. 3.28).

Considering that the average current value is small and that the constant therms c are the same, Py, is

lower than Py,

Also, the cost analysis supports the single DC/DC: the presence of four DC/DC quadruplicates the
costs without offering any kind of redundancy since the controller is based on a current loop and the

four converters have been connected in parallel.

Moreover the 4 DC/DC configuration could present some feasibility difficulties, in fact the 4 con-

verters could easily affect each other during the working operation creating undesirable situations.

In conclusion the most convenient configuration is the one in which a single converter, fed by the
pump-motor group of each shock absorber, charges the battery; hence all the simulation results showed

as follow are obtained considering the four corners exploiting one DC/DC (Fig.3.29).

3.6 Results and operational limitations

In order to make the simulations more realistic, voltage drops on the lines that connect the inverter

of each shock absorber to the converter input port, have been added.
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Figure 3.27: Block diagram of the converter control, where Vj,, . is the desired minimum value on DC
bus that allows the flow of current into the battery, i.e. the switch closure; P is the proportionality factor
used for the computation of the reference for the current control; G. is current controller developed
performing the pole placement; the Buck block represents the plant whose transfer function is G4

In particular the final simulation model consists in four lines, each with a 2€ resistance whose termi-
nals are connected to one side to the parallel of a current generator and a capacitor of 1mF, and the
other to the input capacitor of the converter (Fig.3.30).

When the converter is fed with the current coming from the four suspensions of a vehicle driving at
50 km/h, on a C road profile, the input battery and voltage presents acceptable trends with respect to
the starting ones (Fig.3.31)

Considering the obtained results, it’s necessary to understand if current and voltage, provided by the
buck converter, are suitable for the battery charging.

There is no a constraint about imposing constant charging voltage and/or current, in fact among the
different method to charge a lead acid battery, some of them contemplate constant current, some con-
stant voltage, some non constant either current, either voltage. There are anyway ripple limits that

need to be verified.

In the constant float voltage charging method there are strict restriction about the voltage ripple; is
no the ripple per se causing problem but the overcoming of the float voltage value ([10]). In this study
case the charging voltage is not constant but never overcomes the 52V limit because of the controller
(actually there is a good margin since the maximum admissible output current corresponding to the

52V is 4A and the 4A limit is imposed to the inductor current).

The ripple can be more easily observed and measured in the case in which the angular velocity of
the brushless machine is constant as in Fig. 3.32: the saw-tooth ripple on the output current reach a

maximum rms value is 0.1 A.
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Figure 3.28: Percentage partitioning of the power dissipation with respect to the output current. The
evaluation showed in figure concerns a two side buck converter ([18]).

From the figure it is also noticeable that the ripple amplitude increases with the increasing of the out-
put current value, thus, considering that according to the controller impositions, the maximum current
value flows to the battery when the inductor current is 4 A, hence when the discharge switch is closed
(Fig. 3.31, current graph, about in the time range between 3 and 3.5 s), it’s possible to affirm that the
battery input current presents at most a 0.15 A rms ripple.

If for 100Ah battery capacity the maximum rms ripple value is SA ([10]), the obtained current evolu-
tion is acceptable (Fig 3.33).

Once the energy management device functioning has been proved, the current generators, used to
recreating the effect of the regeneration by means of the shock absorbers, have been removed, and the

DC/DC with his controller has been directly connected to the simulation model used in [2] (Fig. 3.34)

The presence of the converter does not affect the suspension control system working, in fact the input
current to the DC/DC does not show great differences with respect to the simulation in which the
motor-pump group is directly connected to the battery (Fig. 3.35).

This means that although the converter is almost transparent from the motor point of view, is able

to provide suitable charging condition to the battery. The converter does not creates issues for the
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Figure 3.29: High vision model.

inverter motor group since the DC bus is always provided for at leas 48 V.

Actually it’s possible to set an higher value for the bus voltage: until the predefined value is not
reached the buck switch remain open letting the input capacitor to charge. The voltage level could be
easily increased changing one controller variable.

The current reference will be computed as proportional to the difference between the current voltage
value on the bus and the minimum voltage level that allows the current to flows into the battery. In
other words the reference coverter output current is zero until the desired value of voltage on the DC
bus is not raised.

Raising the minimum voltage value for starting the battery charge means providing energy to the bat-
tery only when the floating voltage, for example, is achieved. Anyway this could lead to an easier
crossing of the 60V limit or to the waste of recovered energy in fact, if the floating voltage value is
never raised during a single drive, all the power collected will be consumed because of the input ca-
pacitor self-discharge. A proper evaluation should be done according to SoC of the battery, the vehicle
velocity and the road profile, thus, along this work, the minimum voltage value of the bus that allows

the switch closure has been decided to remain 48V.

A final simulation to prove the functionality of the converter has been performed using two mod-

els of the brushless machine control (Fig. 3.36) in order to verify the overall functionality of the
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Figure 3.30: More realistic simulation model.

converter when is fed with the currents coming from two shock absorbers, one front, one rear (Fig.
3.37).

There are some limit situations to be taken into account: when the car is stopped, and the active func-
tionality of the suspension is employed lifting the chassis, the devise is not able to provide enough
energy.

The average power required for 10 seconds lifting is 40 W, thus a huge capacitance is required. An

approximate calculation can be done, assuming the constant voltage bus (48V):

4 x40W
48V

4P = Viuslpus = Tpus = =3.33A

Reminding the charging low of a capacitor

C_

= Ipusdt = C =~ 700mF
Vbus t

Since the obtained value is not feasible, an extra link between the DC bus and the battery should be
needed.

In simulation this connection is provided by the internal MOSFET diode that let the current flowing
from the battery to the DC bus. During real prototype development it’s better to exploit an additional
diode meant to be for the battery-DC bus connection; in this way, anytime the input capacitor cannot
provide the energy required by the motor on the bus (e.g. for lifting functionality), the brushless

machine can work as motor thanks to the energy directly supplied by the battery.
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Figure 3.31: Converter output voltage and current evolution.
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Figure 3.32: Converter output voltage and current evolution when the angular velocity of the brushless
machine is constant and equal to 140 rad/s.
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Figure 3.33: Ideal relation between battery capacity and maximum admissible current ripple.
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Figure 3.34: The designed DC/DC converter is connected to the field orieneted brushless motor control
for regenerative shock absorber developed in [2]: field oriented control block diagram (a), Simulink

scheme (b). The figure should be compared with Fig. 3.1
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Figure 3.35: Comparison between DC bus current: the green line shows the evolution of the current
on the DC bus when 1 shock absorber is directly connected to the battery; the blue one shows the
evolution of the current on the DC bus when two shock absorbers, one front and one rear, are connected
to the battery by means of the DC/DC converter .

w mctd'
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i

Rear Shock Absorber

Figure 3.36: Simulink scheme of the overall model: only two shock absorbers, one front and one
rear, according to the single track model, are connected to the battery by means of the DC/DC. The
motor angular velocity signal coming from the rear suspension has been obtained delaying the angular
velocity signal of the front shock absorber. The delay value has been computed as the ratio between
the longitudinal length of the Jeep Renegade (2.57 m) and the vehicle speed (100 km/h ~14 m/s)
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Figure 3.37: Converter output voltage and current evolution when two shock absorbers, one front and

one rear, are connected to the battery by means of the DC/DC.
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CHAPTER 4

DESIGN VALIDATION

4.1 Model simplification

The converter and its controller design has been evaluated and validated in Simulink simulation
environment. In order to get an ulterior worth confirmation of the controller working principle a test
has been performed on a real simpler device (with respect to the one designed), made up of a resistive
load, connected to the output inverter capacitor by means of a switch.

Ideally the buck converter behaves like a DC transformer:

Vdcbus = anc,ogd

where Vj, s 1s the voltace on the inverter DC bus, a is the transformation factor that is practically
obtained as a resistance whose value is weighted by the switch, and Vy,, , is the average voltage mea-

sured on the load resistor.

The structural differences between a DC/DC coupled with a battery and its high view version are
causes of control loops changes.
Although, the control strategy is unvaried except from the controller type: a PI standard controller for

the inner current loop is enough valiant. (Fig. 4.1).

The PI parameters of the inner loop have been tuned by means of the open loop Ziegler-Nichols
method. The external feed-forward control receives as input only the input voltage: in this simpler
configuration the battery presence has been neglected, thus the subtraction of the two voltages charac-
terizing the controller of the complete converter has no meaning.

Also in this case the proportionality factor has been chosen as a compromise between a too high value,

that leads to the controller failure because of lack of enough input current, and a too low value that



Chapter 4: Design validation

N

atage fitar

w o (]

Cuarren fiter

Simaler Magel

W~
i
e\ 'JL“—I

- I

Figure 4.1: Simpler Simulink model.
could cause the capacitor overload.

The presence of two filter on the measured quantities used for the control represent a news with
respect to the complete DC/DC controller design. The two filters, especially the output current one,
are essential for control purpose, in fact the resistor, on which the regeneration current is discharged
according to the switch closure, behaves only on average like a DC/DC converter: the output current
is a square wave modulated on the shape of the input voltage, but the control loop considers only the

filtered current flowing on the resistance, that is actually proportional to the input voltage.

The simulation results of this scheme are showed in Fig.4.2.

i Filtered current flowing in the discharge resistance

Reference Current
Discharge Current

0.4

Discharge Current
o e
N w

[
o

0 0.1 0.2 0.3 0.4 0.5
Time [s]

Figure 4.2: Simplified model controller response when the input current is the one generated on a C
class road profile at 50 km/h.
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4.2 Multipurpose power module

The multipurpose power module or MPPM has a key role in the regenerative shock absorbers
power stage.
An integrated power module processes power according to the information content at the control inter-
face. Functions that are covered by integrated power modules include power supply bus types, passive
components integrated into the bus and passive components integrated into the load, among others. An
integrated power module provides the physical containment package for several power components,
usually Power semiconductor devices.
It is equipped with a DSP TMS320F28335 produced by Texas Instrument. The DSP is characterized
by a C28x CPU, a maximum operating frequency of 150 MHz, 512 kB flesh memory and 68 kB RAM.
It provide for 16 ADC channels with 12 bit resolution, 12 PWM channels, 6DMA channels, 88 GPIO
and works in a temperature range of -40 to 125 C.

The MPPM used in [2] consist in two three-phases inverters (six switches and the corresponding

diodes for each inverter) connected through a common bus (Fig. 4.3).

Figure 4.3: The three phases of each inverter, u v w, are distinguishable in figure (1),(2), as well as the
DC bus in the middle (3).
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The MPPM is associated with a vehicle axle shaft, thus the two iverters are meant to be connected to
the brushless motors of the two shock absorbers, on left and one right.

For the purpose of this chapter only one shock absorber controller has been tested, therefore one of
the phases, in particular its high side switch, of the unused inverter has been exploited as the switch

that connect and disconnect the load resistance according to the controller.

4.3 Controller code

The integrated environment used for the development, and compiling of the controller code is
Code Composer Studio, an Eclipse based environment, compatible with the DSP of the multipurpose
power module.

The code used for the space vector modulation, i.e. for the inverter control in the regenerative shock
absorber in [2], has been slightly modified for the in order to have a new control function that imple-
ments the PI control.

The code recycling, beyond several advantages, has created also some issues.

The main one is current and voltage sampling. In a first attempt the new control and filters were
characterized by a sampling frequency equal to the motor inverter switching one. According to the
preexisting current control the ADC interrupt was activate simultaneously with the PWM signal col-
lecting only one output current sample, on the falling edge, in each period, leading to a falsification of
the current measure and consequently to the worthless of the control.

A solution is represented by the reduction of the controller sampling frequency (Fig.4.4), but also the
duty updating must have the same occurrence frequency in order to avoid useless or even dangerous

intermediate duty updating (Appendix B).

4.4 Validation

The software let also the observation and the evolution of the variables used in the code and mod-

ify some of them at run time.

The controller evaluation has been performed step by step. The multi purpose power module has
been connected at first to a power source only for supply purpose so that to verify the correctness of
the filter implementation.

Then the controller functionality have been evaluate connecting one phase of one inverter to the load
resistance and the DC bus to a constant voltage in order to simulate a constant regeneration voltage

although the other inverter connected to the shock absorber is let in idle state.
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Figure 4.4: The ADC trigger higher frequency let to collect more the one sample for each PWM
period.

Finally six 1mF capacitors have been soldered in parallel and connected, still in parallel, to the DC bus
and the entire regeneration system has been tested. By means of a drill, the brushless motor has been
made run and the three-phase produced current has been transformed into DC current by means of one
of the two inverter, activating the field-oriented control developed in [2] (Fig.4.6). The DC current,
flowing on the DC bus, is filtered by the capacitance and discharged on the load resistance according

to a switch (implemented by the high side of the other inverter) closure (Fig 4.5).

. Three-phase bC Switch
/ \ current f \ current
Brushless [FarieEr c__ R
Motor
\\\777’/’ % ‘\\\777///I $

Figure 4.5: Circuital schematic of the test set up.

The employment of non ideal devices highlights the importance of the DC bus voltage filter: the low
cutting frequency avoids dangerous noise loops due to the recursive usage of the DC voltage (in pro-

portional term) as input current reference.

The controller response is showed in Fig.4.7.

An actual comparison with the simulation model has not been possible because of the difficulty in
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E
ES

Figure 4.6: Test set up. Drill (1), brushless motor (2), three-phase inverter (3), DC bus (4), capacitors
(5), discharge switch (6), discharge load resistance (7).

simulating the motor movement produced by the shock absorbers working by means of a drill.

Anyway the test displays the correct functionality of the control strategy and thus validates the high
view version of the converter designed in the previous chapter. In fact, not only the filtered current
discharged on the load resistance follows the reference imposed by the voltage on the DC bus, but also
the brushless motor does not suffer the presence of the converter, or at least its equivalent resistance,
since the voltage on the DC bus increases with the increasing of the angular velocity as it would do
without the converter. Moreover similarities with the simulation can be observed: constant angular

motor velocity leads to constant DC bus voltage both in simulation and reality.

Fig. 4.7 shows a low voltage level of the DC bus. This can be explained by the absence of the
battery: the voltage value on the input capacitor of the converter is provided by the only power com-
ing from the brushless motor.

Recalling the control scheme presented in Fig. 4.1, it’s evident how the discharge on the load resis-
tance starts as soon as the DC bus presents a voltage level greater than zero. A minimum value of the
DC bus voltage, before which the switch remain open letting the charging of the capacitor, can be set
as showed in Fig. 4.8. .

The results obtained with the new control scheme (Fig. 4.9), more similar to the original one designed
for the buck converter, presents an effective raised level of voltage on the DC bus and a lower cur-
rent flowing on the discharge resistance. The decreasing current is due to a decreasing value of the

difference between the minimum DC voltage set by the controller and the actual voltage on the bus. .
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Figure 4.7: Test result visualization. The upper graph shows the controller working comparing the
reference signal with the system output. In the lower graph is displayed the filtering operation on the

DC bus voltage.
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Figure 4.8: The minimum value of the DC bus voltage is added to the previous control scheme.
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CHAPTER 5

CONCLUSION

5.1 Summary

The present thesis work describes in detail the process for the design of a device that, fed with
energy provided by regenerative shock absorbers can supply a 48V lead acid battery. The device has
been identified to a be a DC/DC buck converter whose controller has been developed following an

inductive approach.

Once the converter components have been properly selected and the controller defined, it has been
possible to identify the best configuration that could let the four shock absorber to charge a single
battery.

The analysis has been performed in term of efficiency, costs and feasibility and it reveals how the
coupling of the battery with a single converter fed with the energy coming from the four suspensions

is most suitable solution.

Results presented at the end of chapter three show the worthiness of the device and how it is compliant
with the imposed constraints. Moreover a simplified version of the final device has been realized in
order to perform an high view test for the validation of the control strategy and the examination of the
brushless motor reaction to the presence of the DC/DC converter.

The test has been conducted connecting the brushless motor to a discharge load resistance by means

of a multipurpose power module.
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5.2 Efficiency Results

The regenerative shock absorber prototype developed by the mechatronic laboratory of Polytech-
nic University of Turin is charcterized maximum conversion efficiency of 41.7% [2].
Considering a road profile that maximize the regenerative current (C class road profile) and a vehicle
velocity of 50 km/h the efficiency of the battery charging device is 82%, thus the overall regenerative
shock absorber efficiency is 34.2%. The hydro-mechanical losses have been identified as the most

critical aspect of the total design.

5.3 Future applications

Although Simulink simulations and high view test show positive results before to mount the de-
signed device on commercial cars other tests, on the complete design, must be accomplished.
There are, also, enhancements that could be done in the design: as already mentioned charging per-
formances could be improved by the usage of a SoC additive loop that could increase or decreases
Vioar- It should be noted that what is called Vi, 18 not properly the floating battery voltage, since it

is a varying value, but the maximum voltage allowed for the battery charging for a fixed SoC.

Furthermore it’s evident how the recovered power cannot be the only power source for the battery
charging because of its random time evolution. The SoC control gives the possibility of computing
the instantaneous battery power need and providing for the part of power that could not be eventually
supplied by the regenerative mechanism from an extra power source. Thus the SoC control loop could

prevent also the battery to be undercharged.
The integration the regeneration devices on commercial cars in mass production is a long way, but

at present the powertrain electrification represents the most immediate solution to the limitation of

vehicle noxious emission.
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APPENDIX A

MATLAB SCRIPT

In this appendix there is the MATLAB script used for the computation of the current loop con-

troller G.

clear all

close all

clc
s=tf('s’);
L=22e-6;
Cl1=9.9%e-3;
C2=450e-6;
$Esrl1=0;

Esrl=1/(1/(50e-3)+1/(50e-3)+1/(50e-3));
Esr2=1/(1/(300e-3)+1/(300e-3)+1/(300e-3));
Esr3=140e-3;

Vout=52;
Vin=54;
Iout=4;
R=Vout/Iout;

D=Vout/Vin;

A=[- (Esr3+D*Esrl+RxEsr2/ (R+Esr2))/L —-R/ (Lx (R+Esr2));
Esr2))];
B=[D/L; 01;

x=-pinv (A) *xBxVin;

R/ (C2% (R+Esr2))

-1/ (C2* (R+
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Chapter A: MATLAB script

1il=x(1);

a=R/ (s*R*C2+s+Esr2+«C2+1) ;

Gi_d=zpk (minreal ((Vin/L-Esrlxil/L)/ (s-Esr2xa/ ((Esr2+R)*L)+a/L+Esr3/L+Esr2+R/ (L* (R+

Esr2))+EsrlxD/L),0.01));

figure,

bode

(Gi_d),grid on,

Kc=62832/dcgain (Gi_d);

title ('G_{id} Bode Diagram’)

Gc=Kc* (1/Gi_d)/ (dcgain (1/Gi_d) *s);

figure,

bode

(Gi_d),grid on,

hold on,

bode (Gi_dxGc, ")
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APPENDIX B

CONTROLLER CODE

In these appendix only the main modifications made on the original code developed in [2] have

been reported

/********************************************************************************
* ControlRoutines.c
*

********************************************************************************/

void ReducedControlFiltering (inv_num inverter)
{
Iout_filter.f_input = AnalogIn.Iphase_W2;

Vdc_filter.f_input = AnalogIn.Vdcl;

lpf_func(& Iout_filter);

lpf_func (& Vdc_filter);

void ReducedControlTask (inv_num inverter)
{
if(Vdc_filter.f_output >= 60)

{
duty_U_reduced = 1;

else
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reduced_pi.ref (Vdc_filter.f_output) xKV;

reduced_pi.y Iout_filter.f_output;
pi_std(&reduced_pi);

duty_U_reduced=reduced_pi.u;

void ReducedControlDutyUpdate (inv_num inverter)
{
PhaseU_DutyUpdate (inverter, duty_U_reduced) ;
PhaseV_DutyUpdate (inverter, 0);

PhaseW_DutyUpdate (inverter, 0);

void ReducedControlInit () {
Vdc_filter.Ts = TS_FILTER;
Vdc_filter.pole = POLE_FILTER;
Vdc_filter.f_input = 0;

lpf_init (&Vdc_filter);

Tout_filter.Ts = TS_FILTER;
Iout_filter.pole =POLE_FILTER;
Iout_filter.f_input = 0;

lpf_init (& Iout_filter);

duty_filter.Ts = TS_FILTER;
duty_filter.pole =POLE_FILTER;
duty_filter.f_input = 0;

lpf_init (& duty_filter);

reduced_pi.kc = KC_RED;
reduced_pi.Ts_Ti_kc = TS_TI_KC_RED;

reduced_pi.ka_kc = 0;
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reduced_pi.AW_low = 0;
reduced_pi.AW_up = 1;
duty_U_reduced = 0.0;
duty_U_reduced_Oloop = 0.0;

/********************************************************************************

* ISR.cC

*

********************************************************************************/

/+ ePWM4 event-trigger interrupt ——————-————————————— */
void epwméd_int_isr (void)
{
if(sys_ctrl[INVERTER2].Int_ctrl_en) {
ReducedControlFiltering (INVERTERZ2) ;
ReducedControlTask (INVERTER2) ;
// PhaseU_DutyUpdate (INVERTER2, duty_U_reduced_0Oloop) ;

ReducedControlDutyUpdate (INVERTER2) ;

/********************************************************************************
* Main.c
*

********************************************************************************/

void main (void)
{
felse
ePWM_ChInit (EPWM1, SWITCHING_FREQ, 0, MODE_UPDOWN |MODE_SYNCHOUT |MODE_INT, NOTZ
, DEADTIME_NS) ;
ePWM_ChInit (EPWM2, SWITCHING_FREQ, 0, MODE_UPDOWN |MODE_SOCA, NOTZ, DEADTIME_NS
)i
ePWM_ChInit (EPWM3, SWITCHING_FREQ, 0, MODE_UPDOWN, NOTZ, DEADTIME_NS);
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ePWM_ChInit (EPWM4,

SWITCHING_FREQ_RED,

NOTZ, DEADTIME_NS) ;

ePWM_ChInit (EPWMS5,
ePWM_ChInit (EPWM6,
#endif

SWITCHING_FREQ,

SWITCHING_FREQ,

0,
0,
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0, MODE_UPDOWN | MODE_SYNCHOUT | MODE_INT,

MODE_UPDOWN, NOTZ,
MODE_UPDOWN, NOTZ,

DEADTIME_NS) ;
DEADTIME_NS) ;



	Table of contents
	List of figures
	List of tables
	Abstract
	Acknowledgment
	Introduction
	State of Art
	Regenerative active shock absorbers
	Linear regenerative electromagnetic shock absorber
	Regenerative active shock absorber exploiting electric motors

	Battery charging

	Preparatory work: regenerative hydraulic active shock absorbers
	Design
	Architecture
	Efficiency

	Energy management
	Recovered DC current analysis
	Bidirectional voltage control
	Feedback current control: Ziegler-Nichols design
	Feedback current control: pole placement design
	Regenerative shock absorbers: concurrent work
	Results and operational limitations

	Design validation
	Model simplification
	Multipurpose power module
	Controller code
	Validation

	Conclusion
	Summary
	Efficiency Results
	Future applications

	Appendices
	MATLAB script
	Controller code

		Politecnico di Torino
	2018-10-16T15:11:18+0000
	Politecnico di Torino
	Marcello Chiaberge
	S




