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Abstract

Harvesting road induced vibration energy through electromagnetic suspension allows
extension of the travel range of hybrid and fully electrical powered vehicles while achieving
passenger comfort. The core of this work is to investigate development of power converters for an
electromagnetic suspension system which allows for regeneration of vibration energy and
dynamics control of vehicle suspension. We present a variable electrical damper mechanism
which can be controlled using unity power-factor AC/DC converter topologies. By controlling the
synthesized electrical damper, the system is capable of providing variable damping forces,
ranging from under-damped to over-damped cases, while regenerating mechanical vibration
energy into electric charge stored in a battery. To demonstate the concept, the developed
converter is attached to a small-scale one-degree-of-freedom suspension prototype which
emulates a vehicle suspension mechanism. The energy regeneration mechanism consists of a
mass-spring system and a ball-screw motion converter mechanism coupled to a DC machine,
excited by a hydraulic shaker. The motion converter stage converts vibrational motion into a bi-
directional rotatory motion, resulting in generation of back-emf in the rotary machine. We also
introduce an optimized start/stop algorithm for the harvesting of energy using the proposed power
converter. The algorithm allows for improvements in power conversion efficiency enhancement
(= 14% under class C road profile) through turning the circuit on/off during its operation. The
idea is to ensure that the converter only operates in the positive conversion efficiency region;
meaning that when there is enough energy the converter starts the energy harvesting process.
Furthermore, an estimation of range enhancement for a full-scale electric vehicle (EV) is
furnished using regenerative suspension. It is estimated that for a full size EV (e.g., Tesla model
S), a range extension of 10-30% is highly realistic, depending on the road conditions.

Keywords: Energy harvesting, bi- directional switch- mode rectifier, direct AC/DC
converter, regenerative Sky-hook control, regenerative suspension system,
variable electrical damper.
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Chapter 1.

Introduction

With the rapid growth of global population, not only the number of vehicles but also the
demand of fuel consumption have experienced a record leap [1]. A high rate of consumption by
various fossil-fueled transportation systems results in excessive carbon foot print and emissions.
According to United States Environmental Protection Agency (EPA), the primary contributors of
greenhouse gas emissions are electricity production and transportation [1]. In the United States,
the transportation contribution to greenhouse emission mainly comes from burning petroleum-
based fossil fuels (e.g., diesel and gasoline). According to a recent study [2], the US is projected
to reduce the greenhouse emission by 16% from 2015 in 2020, which is 1% short of the pre-
scheduled target. This goal would not have been met without the moderate adoption rate of

electric vehicles (EVs or HEVs) in the US.

According to the United States Department of Energy (DOE), the number of EVs driving
on the roads are expected to reach one million by 2015 [3]. With the existing demand in US, the
supplies of EVs target several market positions ranging from Fisker Karma, Tesla Model S, X
(see Figure 1-1 and Figure 1-2), to Think City EV [3]. Other than minimal carbon emission,
electric- motor powered vehicles outperform the running efficiency of a conventional internal
combustion engines (ICE), which is roughly 20%. This is due to a maximum of 80% of total
energy dissipation takes place in engine, drive train, wheel, and braking. To date, according to
EPA [7]-[8], the most fuel efficient ICE powered vehicle is Mitsubishi Mirage CVT, with the
combined efficiency of 40 miles per gallon (mpg), which is significantly inferior to that of an EV
(e.g. in the same product segment, estimated 110 mpg combined for Nissan Leaf. In part, the
superior efficiency of an EV comes from its’ ability to regenerate energy of the drive in event of

vehicle braking (i.e. recycling kinetic energy into chemical energy for battery storage). Other than



regenerative braking, another form of renewable energy recovery for automotive application has
been identified. Traditionally, the primary objective of a vehicle suspension system is to isolate
road disturbances, such as vehicle acceleration and cornering while providing better ride comfort
and handling. Similar to energy loss in vehicle braking, the shock absorber/dash-pot (i.e.

suspension damper) dissipates road energy instantaneously for various purposes.

Figure 1-2: Tesla Model X [5].

To date, the usage of regenerated suspension energy still waits for exploaration. Other
than placing as a secondary battery-pack of an EV (to be outlined in Chapter 2, 2.5), in this work,
a feasible application is identified, which is providing required energy for supplying the on-board
electrical appliances and amenities of a recreational vehicle (RV). In essence, a RV requires both
12 (V) DC and 120 (V) AC for powering on-board appliances (e.g. refrigerators, stove,
microwave, laptops, etc). Conventionally, the appliances are powered by either AC chargers at
campgrounds or AC generators fuel by unleaded gasoline. According to [9], the maximum rated

energy of EG6500 generator is roughly 42 kW-h (120/ 240V, 6500 W for 7 hours under full



load). Moreover, since the generator operates synonymous to that of a lawn mower, therefore, the
additional drawbacks can be unpleasant gasoline odor and obnoxious mechanical noise.
Alternatively, the 12 (V) DC rechargeable batteries can be rejuvenated by RV solar panels [10].
However, a typical single mono-crystalline photovoltaic (PV) solar panel (e.g. Nature Power
50131) is rated at 140 (Watt-hr). Typical energy consumption of electrical appliances onboard a
RV is roughly 1.2 to 3.3 (kW-hr), which makes PV incapable of being the main source of energy
provider. In addition, so far, PV panels suffer drawbacks, such as low PV panel efficiencies,
being prone to ambient temperature, irradiance variations, sizable charging apparatuses (e.g.

Maximum Power Point Tacking controller, DC/AC inverter) and attentive maintenance [10]-[11].

In this work, a regenerative suspension system capable of energy storage and control of
dynamics are investigated. Compared to regenerative braking, suspension based energy
harvesting offers various distinctive characteristics, as follows: (a) Continuous generation of
electricity by the suspension generator given the vehicle is in motion (e.g. vehicle accelerating,
braking), as opposed to continuous draining of traction batteries onboard a battery-powered EV (b)
Through energy harvesting from the applied damping, the sprung mass dynamics is modified,
therefore, enabling control of vehicle performance. The available energy of a vehicle suspension,
that can be regenerated, is studied based on vehicle weight mass, road roughness, vehicle speed,
and number of suspension setups. The primary sources of energy dissipation are identified to be
mechanical damping (for “fail- safe” operation), suspension friction, and generator coil losses.

The details of power regeneration potential of a full- sized RV will be illustrated in later sections.

1.1. Present State of Vehicular Suspension Control

In the design of vehicular suspensions, the efforts of simultaneously maintaining
passenger comfort, chassis body control, and vehicle handling under various driving conditions
have long been a challenging topic. Generally speaking, the purpose of a vehicular suspension is
to provide vibration isolation. At lower driving speeds, a suspension system with a lower stiffness
and damping is desired for passenger comfort. On the contrary, for a vehicle travelling at high

speeds, superior dynamic handling with higher stiffness and damping are required for reducing



the relative travel between road and tire movements as well as limiting the physical play

restrictions of physical shocks and struts.

The control strategies of vehicular suspensions are categorized as active, passive, and
semi-active methods. For a passive control strategy, the suspension parameters are fixed.
Therefore, as previously mentioned, there should be a compromise between vehicle handling and
passenger comfort. With inferior performance, a passive control strategy does not consume
electrical power and offers the highest robustness, lowest maintenance cost, and lowest cost to
achieve vibration isolation. Active control strategy can offer performance trade-offs contrary to
that of passive control. Vehicular suspension with active control is often equipped with variable
mechanical actuators (e.g., hydraulic-based), which is instantaneously responsive to road
unevenness or road-tire relative displacements. In other words, it offers the best tuning ability.
However, the active control method is prone to low robustness, a high maintenance cost, and
most expensive cost to provide vibration isolation. Combining the various compromises of the
aforementioned control strategies, a semi- active control strategy is introduced in this work. The
method primarily focuses on variation of suspension damping coefficients according to various
performance objectives. Nowadays, the most popular implementation has been utilizing magneto-
rheological (MR) based fluids for their timely response to applied magnetic fields, which leads to
variations of fluids viscosity. According to several works dedicated to the area [14]-[19], it is
demonstrated that the strategy offers comparable control performance to that of fully active
strategy with moderate electrical power consumption, while the robustness and cost are shown to
be akin to that of passive control strategy. In subsequent sections, an outline of various existing

semi-active and active control technologies is provided.

1.1.1. Delphi Automotive Magne-Ride

The magneto-rheological (MR) based suspension damper developed by Delphi
Automotive PLC has been among the most popular adopted actuators which utilizes a semi-
active control system. As previously mentioned, the flow characteristics of MR fluids can be

varied in a controlled manner by the applied magnetic field.



As illustrated in [6], a Mage-Ride damper equipped by Audi TT, the internal MR
fluids passages are surrounded by electromagnets. Generally speaking, when the electromagnet is
actuated, the iron particles align to increase fluid viscosity, therefore making it more resistive to
flow. By adjusting the DC current flow through the coil, the thickness or viscosity of the fluid can
be instantaneously adjusted (plastic viscosity) in milliseconds. As a result, with a variable
resistance to the fluid flow the suspension damping coefficient can be tighter or softer. Currently,
the technology is found in various types of up-scale vehicles, such as Chevrolet Corvette, Acura
MDX, Cadillac CTS-V, Audi R8, and Ferrari 599. Various control algorithms, such as sky-hook,
ground-hook, limited relative displacement (LRD), and Rakheja Sankar (RS) have been proposed

for controlling the presence/ absence of suspension damping [13]-[19].

1.1.2. Daimler- Benz AG Magic Body Control

The detailed operating principle of the Magic Body Control (MBC) has not been made
public. In general, the MBC with PRE-SCAN suspension (i.e. ADVANCED AGILITY package)
developed by Daimler-Benz AG can be categorized as a full-active control strategy.To date, the

technology is utilized on Mercedez Benz research vehicle F700 and S350.

According to Figure 1-3 and [12], the on-board sensors (i.e., binocular-vision cameras)
pre-scan the road profiles ahead. Knowing the road roughness in-advance allows computing the
appropriate actuating force, according to an adopted control law. The force is generated by the
active hydraulic actuator for compensating the road unevenness. Subsequently, the suspension
lifts the vehicle tire to glide along the road surface while transmitting the minimum vibration to
the vehicle body. This approach actively softens the suspension stiffness while driving through

bumps/ potholes.
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............

Figure 1-3: ADVANCED AGILITY with PRE- SCAN suspension [12].

1.2. Electromagnetic Vehicular Suspensions

In the aforementioned control strategies, the approaches are either dissipation of
mechanical energy (i.e., passive control), or consumption electrical energy for compensating road
roughness (i.e., active or semi-active control). In light of recycling the dissipated or consumed
energy (i.e., energy harvesting), various electromagnetic vehicular suspensions have been
proposed by numerous research groups [20]-[41]. Energy harvesting in a vibrational environment
has been a popular topic of research in renewable energy. Harvesting the energies that could have
been dissipated opens up a wide range of applications. Essentially, the technique converts kinetic
motion of sprung mass into electrical power and reserves it in energy storing device for further
uses, such as supplying power for wireless sensor networks, active control, and self-powered

SENsors.

1.2.1. Linear permanent magnets (PM) Actuator

Due to the linear motion of base excitation, the implementations of tubular PM (TL- PM)
actuators, to act as a variable regenerative damper, have been extremely popular [20]-[32]. While
many works have devoted to designing a linear PM based generator with higher energy density
and linear response for large- scale energy harvesting applications. The linear generator

fabricated by [26]-[27], [31], [32] are specifically targeting automotive applications. According to



[26], the linear PM generator is able to provide damping coefficient of 1138 N-s/m while
harvesting maximum 35.5 W power while suspension is traveling at 0.25m/s in a mass- spring

base excitation setup.

1.2.2. Rotational DC Machine

According to [34], a cylindrical DC motor can regenerate vibration energy only at high
speed motion. In low speed operations, the damper has undesired nonlinear characteristics with
dead zone and cannot regenerate energy. In addition, with lower cost and off- the- shelf
availability, a rotational DC motor, acting as a regenerative damper in an electro- magnetic
suspension system has been presented in [35]-[39]. Since the rotational DC machine regenerates
electricity by the shaft’s rotational displacement, a mechanism that translates linear to rotational
motions is required. As mentioned in [37]-[39], the rack/pinion and ball- screw mechanisms have
been fabricated for the motion transformation. As reported by [38], a peak power of 68 (Watts)
and average power of 19 (Watts) can be regenerated from the shock absorber prototype when the

retrofitted vehicle is driven at 48 km/h (30 mph) on a smooth road.

1.3. Root Mean Square Optimization for Improved Vehicle
Performance

Other than vehicular suspension control and design of regenerative suspension systems
the methods of optimizing suspension parameters have been proposed extensively [43]-[46].
According to [43] and [46] , the values of suspension stiffness and damping can be optimized by
minimizing cost functions, which is the Root Mean Square (RMS) of sprung mass acceleration a
and relative displacements A over an extended range (i.e. 0 to 40x) of excitation frequencies ® can

be obtained by the following
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According to the optimization chart the value of suspension parameters (e.g. damping
ratios {, natural frequencies w,) can be selected for complying with suspension relative
displacement or sprung mass acceleration restrictions. As indicated in [43], the tradeoffs between
dynamical behavior of suspension relative displacement and sprung mass acceleration are shown
through their RMS values. The minimum RMS accelerations with respect to various w, for a
specific value of RMS relative displacement, indicated by line of minima, are shown in Figure

1-4 (a).
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Figure 1-4: (a) Line of minima maxima for lowest RMS of absolute acceleration and (b) line of

maxima for highest RMS of absolute acceleration for a specified suspension relative
displacement. (¢) Design chart and (d) state diagram for choosing optimal w, and { are delineated

by RMS absolute acceleration line of minima with respect to RMS relative displacements.

The maximum RMS accelerations with respect to various { for a specific value of RMS relative
displacement, indicated by line of maxima, are shown in Figure 1-4 (b). As depicted in Figure 1-4
(¢), the optimal natural frequency and damping ratio values of a one degree-of- freedom
suspension mount are delineated by line of minima of RMS absolute acceleration with respect to
various RMS relative displacements. It is shown that increasing the natural frequency should be
followed by increasing the damping ratio, and vice versa. Referring to the optimized chart and its
corresponding state diagram in Figure 1-4 (d) one can select a desired value for relative
displacement as the traveling space limitation (or the absolute acceleration). Subsequently, the
associated value of damping ratio { and natural frequencies w, at the intersection of the associated

vertical (horizontal) line on the optimal curve is obtained.

1.4. Chapter Summary

In this chapter, the status of modern suspension systems was presented. Considering cost,
feasibility, and control performance, it is realized that magnetorheological-based semi-active

systems have been the most widely adopted suspension mechanismscurrently adopted by most car



manufactures. In addition, the anatomy of a fully active suspension control method was discussed.
The technology simultaneously accomplishes superior vehicle handling and passenger comfort at
the expense of extra energy requirements. Furthermore, to accomplish suspension control and
energy harvesting, various electromagnetic suspension topologies, proposed by different research
groups, have been discussed. The topologies are primarily categorized by utilizing linear or
rotational DC machines. In the next chapter, the regenerative suspension topology proposed by

the Intellegent Vehicles Technology Laboratory will be discussed in great detail.
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Chapter 2.

Energy Harvesting of Regenerative Vehicular Suspension
and Road Excitation Modeling

In this chapter, the modelling of standardized ISO road profile and a regenerative
suspension system are studied. The power regeneration mechanism is presented for a DC machine
under road excitation. By utilizing the one and two degrees-of-freedom (DOF) dynamic systems
we obtain the response of a sprung mass under base excitations. Finally, a switched-mode
converter is studied for the purpose of road energy harvesting. The performance is demonstrated
in terms of power regeneration potentional, along with experimental results on a small-scale

prototype.

2.1. Regenerative Mechatronic System

Various electromagnetic suspension setups have been presented in [37]-[39], which
consist of a typical base-excited suspension systems comprised of a mechanical spring, sprung
mass, and damper (for fail-safe operation). In addition, a rotational DC motor coupled to a linear-
rotational motion transformation mechanism (e.g. a ball-screw device) is required for power

regeneration.

The dynamics of a vehicle suspension system has been extensively modeled by two
degree-of-freedom (2-DOF) mass-spring-damper dynamic systems [37]-[39], [47]-[48]. Referring
to the detailed view of a vehicular suspension in Figure 2-1, the quarter of a vehicle (i.e. sprung
mass) experiences road excitation through isolation of tire, spring, and damper. The mass of
sprung mass and vehicle tire are indicated by m and m,, respectively. The tire stiffness and

suspension stiffness are represented by £, and k, respectively. The damping coefficient is specified
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by c¢. According to Newton’s second law of motion the dynamic equation of the 2- DOF base

excitation model in terms of both m and m, can be written as the following

mié+c(5c—5ct)+k(x—xt):() (2-1)

m%, +c(x,—x)+k(x, —x)+k (x, —y)=0 (2-2)
where x and x, are the displacement response of sprung mass, vehicle tire, y is the base
displacement response. The discrete spring stiffness and tire stiffness are indicated by & and £,

respectively. The damping is represented by c. Defining relative displacement between sprung

mass and base (i.e. z= x-x,) we can rewrite the sprung mass dynamic equations into the following

mz +cz+kz =-mx, . (2-3)

X * Sprung Mass m

r = e

Xt * Tyre Mass m,

ki

y * Base

Figure 2-1: A two degree-of-freedom base excitation model.

The transfer functions between sprung mass-base X (jw)Y'(jw)and tire mass-base
X,(jo)Y "' (jw)dynamics are derived. Applying Laplace transformation (i.e. s=jw) we can solve

for (2-1) to (2-2) as the following, respectively
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X(ja))_ sck™ +1

Y(jo) stmmk 'k +s (c(m +m, )k’lk,’l)+ s’ (k[1 (m+m, )+ k’lm)+ sck™+1 (2-4)
X,(ja))_ sPmk™ +sck™ +1
Y(jo) s'mmk 'k + s (c(m +mt)k’1kt’l)+s2 (k;l(m +m,)+k’lm)+ sck™' +1 (2-5)

To indicate the vehicle tire dynamics x,, the nominal values of m= 500 kg, m~= 50 kg, c=
5 kNsec/m, k= 23245 N/m, and k= 2 MN/m are substituted into (2-5). The tire stiffness is
assumed roughly an order of magnitude higher than that of the physical spring. In this case, the

transfer function is obtained as the following

X, (jo) 4000(s” +10s +46.5)
Y(jo)  (s+10.02s + 53.81) (s> + 99.98s + 3456) (2-6)

Due to the close vicinities of the complex poles and zeros the dynamics of the 4-th order low-
pass transfer function is similar to that of a 2" order, as indicated by the bode plot in Figure 2-2
(a)- (b). By exciting the suspension with y= 0.01sin (2nf) and y= 0.01sin (20nf), as depicted in
Figure 2-2 (c), the amplitude/ phase of x, are attenuated by the tire mass- base transfer function in

(2-5).

Tyre mass- base dynamics

20 0.015 |
g (a) |
=
200 0.01
£ 40l
g-40 0.005 |
60 2
2-8(? %Ei 0
_ (b)| =
8451 1 -0.005
2 onl |
3 0.01
< L =U. ¥
f135 Frequency=1 Hz
-180 s s i - ‘ ‘ ‘ ‘ ‘
107! 1d 10" 1 109-0015 i5 5 55 6
Frequency (Hz) Time (sec)

Figure 2-2: (a) Amplitude and (b) phase of tire mass- base dynamics and the (c) corresponding
instantaneous response with excitation frequency of 1 and 10 Hz.

Similarly, the relative displacements between sprung mass and base movements as well

as sprung mass absolute acceleration are also derived as
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X (]a)) _ slck™ + 52 (2_7)
Y(jo) s*mmk 'k + s’ (c(m + m, )k’lkfl)+ s’ (k;l (m+m,)+ k’lm)+ sck™ +1

Z(jo) —s*tmm k'K —s3’(c(m+mt)k’1kt’l)—s2 (k[l(m+mt)+k’1m) (2-8)

Y(jo) - s'mmk7k + 57 (c(m+mt)k’1k;1)+s2 (k;1 (rn+mt)+k’lm)+sck’1 +1

Assuming the vehicle tire is massless (i.e. m~= 0 kg) with minimal stiffness (i.e. k= 0
N/m), the quarter-car model can be represented by a linear single degree of freedom (SDOF)
mass-spring-damper as shown in Figure 2-4. This can be shown by deriving the relative
displacement between sprung mass and vehicle tire (i.e. AX ( ja))=X ( ]0))—Xt( ja))) as the

following

AX ( ja)) 3 —s*mk™ (29
Y(jo) s‘mmk?k +5 (c(m +m,)kk! ) +s° (k_1 (m+m,)+ k'lm) +sck™ +1

t

Combining the dynamics of the vehicle tire and road excitation the 2- DOF base excitation model
can be simplified to a single degree of freedom (SDOF). Traditionally, the primary objective of a
vehicle suspension system is to isolate road disturbance, such as acceleration and cornering while
providing better ride comfort and handling. As depicted in Figure 2-3 and Figure 2-4, a single
degree of freedom (SDOF) passive suspension system under road vibration, the sprung mass (m)
is driven by the base movement (i.e. combined dynamics of road profile/ vehicle tire) through the
discrete spring (k) and damper (c¢). As indicated in [37], if the vehicle seat dynamics are not
considered, the passenger comfort is defined by the vehicle sprung mass absolute acceleration.
The vehicle handling is indicated by the contact force between tire displacement and road
excitation. In radical situations, the tire can lose contact with road, therefore, to indicate vehicle
handling, the relative displacement between tire and road is utilized (i.e. x~y). Recalling 1.3, by
assuming m~= 0 (kg) the performing index for physical restriction of suspension travel and vehicle

handling can be combined.
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Figure 2-3: Rendition of SDOF Mercedes- Benz S class front suspension under road- excitation

[12].

x* Sprung Mass m

Sori
pring &= |-

]

Damper
c

Y * Base

Road/ tire

Figure 2-4: SDOF base excitation model.

2.1.1. Electro- Mechanical Analogy

To demonstrate the equivalent dynamics provided by the power electronics converter (in

the electrical domain), a mechanical-electrical analogy is adopted. In this work, mechanical force

is considered as the dual of electrical current, whereas speed (velocity) is the dual of voltage.

Referring to a single harmonic base excitation mass-spring-damper model shown in Figure 2-4,

one can apply the mechanical-electrical analogy and converter it into a current source driven

parallel RLC resonance circuit as shown in Figure 2-5 (b).
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kg ok

Figure 2-5: Equivalent RLC circuit of a base- excited mass- spring damper model.

The dynamic equation of a parallel RLC circuit in Figure 2-5 is obtained by noting that

the total current i;, is the sum of currents flowing through inductor (L), resistor (R), and capacitor
(O) as follows

W40

+ L [V e+ RV (1) =i, (¢)

(2-10)

Similarly, the road force f,,.; of the base excitation model is the sum of forces acting on spring

(k), sprung mass (m), and damper (c¢). Thus, the base excitation dynamic equation is given by

dz (2-11)
Cﬁ :f;‘oad (t)

=—Aw’ sint

where z=x-y is the sprung mass relative displacement, 4 is the excitation amplitude, and w is the
angular frequency. Comparing (2-10) to (2-11) it follows that the electrical voltage, inductance,
resistance, and capacitance are essentially equivalent to relative velocity, inverse stiffness, inverse
damping, and sprung mass of the base excitation model as tabulated in Table 2-1. Therefore, both
equations essentially demonstrate the same response if the current source equals to road force,

iin(t) = -Aw’sinot.
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Table 2-1: Adopted electro- mechanical analogy

Mechanical Electrical
Force F/ Current
Relative velocity z Voltage
Relative displacement z Flux
Stiffness k& Inverse inductance: L™
Damping ¢ Inverse resistance: R
Mass m Capacitance: C

To analyze the response of a single degree of freedom (SDOF) base excitation model, it
is prevalent to consider the case of constant amplitude harmonic excitation (i.e. Z (S) = |Z| e’ and

y(s) :| y| e “t) [47]- [48]. Applying Laplace transformation to (2-3) with x=x, we can solve for

sprung mass absolute acceleration X (a)) y_1 (a)) in Laplace domain as the following

(2-12)

o’ (k2 +(ca))2) '
\/((k -mao’ )2 + (ca))z)

H,.(0)=

The relative acceleration x(a)) j}_l(a)) and displacement z (w)y—1(0)) transfer functions are

also derived as follows

i, . ()= mo’ (2-13)
rel _disp -
) \/((k—ma)2 )2 +(ca))2)
m (2-14)

H e (a)) =
\/((k —ma’ )2 +(ca))2)
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Next, let us on-dimensionalize the transfer functions by defining @, z(kmfl)

0.5

b

- S| . .
&= c(men) " and r =ax) . Hence, the transfer functions of sprung mass absolute acceleration,

relative acceleration and displacement are as follows

. )=o(1ea (=) a6

7"2

H.y 4 (r)= \/((1 — )2 +4§2r2)

o 3 Sprung mass acceleration

r

% 05 1T 15 2 35 3
r: Frequency ratio

(a)

Suspension relative displacement

(2-15)

(2-16)

 increasing

=

v

05

1

i5 2 25 3 35
r: Frequency ratio

(b)

Figure 2-6: Non-dimensionalized frequency response of (a) sprung mass absolute acceleration (b)

suspension relative displacement.

In order to observe suspension dynamics under different excitation frequencies, we can

generate frequency response functions (FRF) for absolute acceleration and relative displacement,

as shown in Figure 2-6, with transfer functions in non-dimensionalized form. Again, assuming

harmonic excitations, the ideal speed of a vehicle can be written as

v =wl (27z)71

18
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where ® and / are the excitation angular frequency and distance of travel (road wavelength). As
indicated in (2-12), a larger value of » represents faster vehicle speed. As shown in Figure 2-6 (a),

the mass absolute acceleration frequency response indicates that in the post-resonance frequency
region where frequency ratio r > \/5 the absolute acceleration is inverse proportional to the

damping ratio . In contrast, in the region where frequency ratio » < \/5 the absolute acceleration
is proportional to damping ratio {. As shown in Figure 2-6 (b), the relative displacement response
indicates that the response is inversely proportional to  for the entire range of frequencies and the
resonance frequency is inversely proportional to . The higher value of  indicates lower levels of
relative displacements. Therefore, it is realized that under constant amplitude harmonic
excitation, the passive suspension with higher value of damping results in better vehicle handling

(i.e. lower relative displacement), while a lower value of damping will contribute to more

comfortable ride in the region where frequency ratio »> V2 due to lower absolute accelerations.

2.1.2. Analytical Analysis of Forced Oscillator with Nonlinear Stiffness

In this section, to illustrate the nonlinear oscillation phenomenon of cubic stiffness force,
so-called Duffing’s equation is solved using a perturbation method (e.g. methods of multiple-
scales, averaging, and Lindstedt Poincare method). To analytically solve the Duffing’s equation
we consider a general forced oscillation of a sprung-mass attached to a nonlinear spring under the

influence of slight viscous damping so that the equation of motion has the following form
¥+ x+2eux +eax’ = E(t) (2-18)

where E(f) =K cosQt =gkcosQt is the external excitation, &, u, and « indicate the level of

nonlinearity, damping and spring constant in the system, respectively. To start analyzing the

system under primary resonance, a detuning parameter o should be introduced, which
quantitatively describes the nearness of Q=w, +¢&o tow, . In a linear undamped system, the
systems response will present unbounded oscillation when being excited at the natural frequency
(i.e.oc = 0) regardless of how small the excitation amplitude, K. However, in actual events the

amplitude of the system response, even when excited at @, , will be limited by the system’s

o
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implicit nonlinearities and damping. Therefore, to offer a uniformly approximation to the system,

one has to make excitation amplitude, K, a function of system nonlinearity, £ , as K=c¢k . Note
that this arrangement is still consistent with the theories of linear lightly damped system, which
indicates that under small excitation the system’s response becomes unbounded as time

approaches infinity [49].

Here, we assumed the sprung mass response, in (2-18), the form of following
x=x,(Ty) + £x,(T)) + 23, (Ty) (2-19)
where 7 =t (i.e. normal scale) and 7, =&t (i.e. slow scale, 7> runs slower than 7;, which is

omitted in this derivation). Substitute (2-19) into (2-18) while separating terms with ¢° and &' as

follows:
g :Djx,+x,=0 (2-20)
g 1 Dyx, + @’ x, = 2D, D\ x, =2 uDyx, — ax, + kcos(w T, + oT)) (2-21)
st nd : d 0 0
where 1% and 2™ order derivate operators are —=——+&c—+...=D,+¢D, +... and
dt 0T, 0T,
d2

?zDS +2&D,D, +..., respectively. Also, &, u, and o indicate the level of nonlinearity,

damping and spring constant in the system, respectively. Applying the method of multiple scales
the solutions to (2-19) is expected to be in the form of x, = A(T;)e’ @l 4 Z(T1 Ye /" \where

A(T}) and A (T}) are complex conjugates. Substituting it into (2-21) will result the following,

g :Dyx + wlx, = —[2ja)0(A + ,uA')+3aAZZ]exp(ja)oTo) (2-22)

1
—a A’ exp(jl3w,T,) +5k exp(Jjo, T, + joT)) +...

To eliminate the secular term, we set the coefficients of exp(j@ 1)) to 0, which is the

following,
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' , 1 ' (2-23)
[ 2je,(A+ud)+3a4 A]+5kexp(]aTl)=o

Assuming the solution of (2-23) in polar form with A=0.5a¢’” and grouping the real and
imaginary part one will arrive in a pair of first order ordinary differential equation (ODE),
1k . (2-24)
d + pa———sin(cT, — f)=0
20,
3a 1 k (2-25)
aff —g—aB +E_COS(GY; -B)=0

0 0

Note when the motion of the system is under steady state the time derivative of @ and S (i.e. d
and ") are both zero, meaning both amplitude and phase are not changing with respect to time

as indicated by in Figure 2-7.

Anplitude

Figure 2-7: Variation of a and y (a, =1, y,=1) with T, for 6=0.05, /=0.5, u=0.1

Therefore, under steady- state the following occurs

1k . (2-26)
Ha :E—Sm(aﬂ -p)

0
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(2-27)
3ap 1k cos(aT, - )
8w, 10}

o

Transforming from non-autonomous to autonomous system one can assume y =oc1, — 3 , thus,

V'=0,—f,s0 (2-26)-(2-27) will lead to (2-28)-(2-29), respectively, as shown in the following

, 1 & . (2-28)
a' =—pa+——sin(y)
2,
' 3a 5 1k (2-29)
ay' =ac———a +———cos(y)

The stability of the steady state motion can be analyzed by obtaining the Jacobian matrix

(i.e., derivative with respect to @ and y) of (2-28)-(2-29), which results in

' ' 2
S SR T
da dy 8w,
det P Surds? 5 =0 (2-30)
da a 8w, dy

2 2
Taking the determinant of the matrix, we obtain 2> + 2 4 + {/ﬁ + (o - 3;“1 Yo — 98aa )} =0,
o, W

0

o ) 3ad’ 9aa’ )
hence the steady state motion is stable when y” + (0 — 2 Yo — ” )>0. Squaring and
a)o

[0

0

adding (2-28) and (2-29) one will arrive in the following assuming under steady state (i.e.

a,y =0),

2
3 a k?
2, 2w 2 2 _
(“ [G 8 w, ¢ j Ja 4o} (2-31)

Rearranging above one will be able to obtain the so-called “frequency response equation”

as seen in the following
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1/2
o=V 1 = A+(B) (2-32)

From (2-32), the plots of response amplitude a vs. frequency excitation o or response

amplitude a versus amplitude of excitation k& can be generated. It is seen from (2-32) that o has

two solutions for every value of @ unless B = (40;”2612 )'1 k* — u* = 0, which is exactly the condition
for peak amplitude to occur, s = ( 20, 1 )71 k? . Moreover, one can construct the so-called

o . Ja
backbone curve when B= 0, which indicates the condition of 0}, = g—aZ .
0

l .
o 0.5H
=
-
= 0
£
E 05 ¥
) U
1.5 -
. Numgrical results' : :
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Figure 2-8: Analytical and numerical simulation of systems response (blue: numerical results)

Since we have assumed the polar form of A=0.5a¢’" , thus, we know that x, will be in

the form of
: - . 1 s 1 . .
X, = A(Tl)e“""r" + A(Tl)e’f’”"r" :Eae./ﬁe./mm +Eae”ﬂef-“”"r" = acos(w,T, +8) (2_33)

therefore, x = x,(7,) +&x,(T}) + &°x,(T,) = acos(w,T, + B) + ex,(T)) + £°x,(T,) where a, f are
constants. Moreover, since y =01, —f , we can further express the systems response to be

x=acos(a,1, +o1 —y)+..=acos(wyt +ost —y)+..=acos(€ —y)+... . Therefore, one can

conclude from the expression of systems response that under steady-state the response is tuned to
the frequency of excitation, 2, with phase shifts y. Lastly, to verify the correctness the systems

response in Figure 2-8, the figure is generated both analytically and numerically (e.g. ODE 45). It
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is seen that there are consistent deviations in waveform amplitudes under steady-state with
negligible phase differences. This verifies that the first order expansion of Duffing’s equation
using the method of multiple scales is able to predict the systems response with some error

margin.
2.1.3. Electric Generator with Shunt Resistor

Before modeling the regenerative suspension system it is imperative to observe power
generation by a DC machine. Since a DC motor is essentially a mechatronic device, we shall
analyze it in both mechanical and electrical domain. Referring to Figure 2-9, a load resistor is
connected in parallel to the DC generator. The term Tj,spension 1S the input torque applied at the
motor shaft and 7,= ki, is the developed torque due to #;, by multiplying the motor torque
constant k. In short, when attaching a DC machine to a linearly excited MSD system the
following occurs for power regeneration. As the motor shaft spins purse sinusoidally, it results to
a sinusoidal EMF, which can be seen as an angular velocity controlled voltage source. According
to value of R4, in Figure 2-9, it leads to different values of i;,, and thus the electrically generated
torque 7,. Subsquently, the electrically generated 7,can be fed back to the MSD system to vary
the desired dynamics. This process integrates the dual purposes of Rj.;, Which achieves both
electrical energy harvesting and mechanical dynamic control. Traditionally, mechanical dashpots,
tunable MR damper, or active-control type hydraulic actuators are not able to achieve both

purposes simultaneously.

/\

v

lin

TU EMF VzoadT Rivaa

Tsuspension] — Motor/Generator

Figure 2-9: Electric generator in parallel connection to resistive load.
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Figure 2-10: Equivalent circuit of electric generator in parallel connection to resistive load.

Applying Newton’s second law of motion to the rotational shaft of DC machine will
result in the following

2 (2-34)
T -T = Jd_e

suspension d t2
where J is the rotor inertia, 6 is the rotational displacement. By replacing the DC generator with
an equivalent circuit as shown in Figure 2-10 and applying Kirchhoff’s voltage laws (KVL) one

will have the following

: diy, (2-35)
I/em = lin (Rload + Rint ) + Lint E

where R;, and L, represent the dynamics of DC motor internal impedance. The back EMF is
developed by angular velocity ¢ multiplying the motor velocity constant &, as follows

V.o =ko. (2-36)

emf

Substituting (2-34) into (2-35), the dynamic equations of the electric generator with a resistive

load can be written as the following

do L, d d*0) (R +R,) d*6 (2-37)
v - ) suspension - 2 = T;'uxpenxian - '] 2
dt  k drt dt k dt

t

Assuming zero initial conditions and applying Laplace transformation, we can write
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2-38
T = k.k,s +Js* |6 o
suspension (Rload + Rint ) + SLint )

=Js’0+csO+ kO

Therefore, the equivalent rotational damping (N-sec/m) and stiffness (N/m) for an electric

generator connected to a load resistor are given by (s=jw)

k.k, (Rloau' +R,, ) (2-39)

€= 2 272
(Rload + Rim) +w Ly,
o kkwL, (2-40)
= - )
(Rload + R, ) + WzLizm

It is assumed internal impedance is resistive (i.e. wL;y<< R;,) due to low excitation frequency,
contributed by road irregularities. With the assumption, the equivalent rotational stiffness can be

approximated to zero and the rotational damping can be simplified to k=0 and

c=kk (R +Ri) -

nt
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2.2. Regenerative Suspension Prototype Modeling

The proposed quarter-car (i.e. Q-car) regenerative suspension prototype is shown in
Figure 2-11. It is modeled as a 1-DOF dynamic system attached to a ball- screw/ DC motor for
energy regeneration. The operation principle of the regenerative suspension is as follows. As the
base is excited, the ball nut experiences linear force with respect to the suspension relative
displacement and velocity. Converting the direction of motion, the screw shaft (coupled to the DC
machine) experiences a bi-directional rotation. Recalling (2-36), it results in sinusoidal EMF,

which can be used for energy regeneration. The dynamics of the sprung mass system are given by

mi+hk+c z+F =F,, (2-41)

where z is the relative displacement between base and sprung mass (i.e. z = x -y ); m,, is the

equivalent sprung mass; k is the physical spring coefficient; c,is the physical friction coefficient;
F, is the equivalent force provided by ball screw, gearbox, DC motor/ generator , and load
resistor Rj,,,. The sprung mass dynamic equation, including the motor dynamics, can be

expressed in detail as follows

g

J k4T, +J,
"TTTE

}2+cfz’+kz

i (2-42)
+ (k2 (R +R,aad))((R. +R,,) + &L

et g int int int

)71 d?:

+(k kKoL, )((Rm + Ry ) + 'L, )_l d’z

ettt g

=mo’Y sin ot

where Y and w= 2xf are the excitation amplitude and angular frequency; m is the sprung mass;
d=l/2m is the screw lead linear- rotational ratio for torque-force conversion and / is lead ratio of
the ball- screw; J, is the ball-screw translational mass; J,, and J, are the motor and gearbox inertia,
respectively; the back EMF and torque constants of the DC machine are indicated by 4, and &,
respectively; the planetary gear ratio is represented by k,, where it is implemented for torque/

angular velocity amplification on its’ input/output terminals, respectively; and the DC machine
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winding loss and armature inductance are represented by R;,, and L,,, respectively. Assuming

al,, =0the equivalent force F} is given by

(J, 2+ T, +J,)d 7% + (ke kl (R,

J(Ro + Ryppy) 7z

X * Sprung Mass (m)
\ \
Ball nut Ball
Screw | 'wscrew _ bin
shaft ) J, _ -
1 -
I - R
/ Physical oad
Friction DC spring
Cr Motor/ k s
3| Generator _ -
y * Base
Road input

Figure 2-11: Regenerative suspension 1-DOF dynamic model.

Table 2-2: Equivalent mass, damping coefficient and excitation amplitude.

Symbol Description
kz2+],+
meq ]m g dz]g ]b
kektkg
¢ +
“ o (Rint + Rload)d2
Y, mY w?

As indicted in Figure 2-11 and Table 2-2, the load resistor R connected to DC machine

terminals, provides equivalent damping force in the electrical domain. In this work, the purpose
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of the proposed converter is to synthesize a variable R, to achieve variable equivalent damping
force by absorbing the corresponding power in the electrical domain. The equivalent mass,
damping coefficient and excitation amplitude in terms of other physical parameters values are
listed in Table 2-2. It is worthy to note that equivalent mass m,, combines linear mass and
rotational inertia, equivalent damping coefficient (i.e. c.,= ¢/t c.) combines both friction terms
and electrical damping, synthesized by attached power electronics, which will be studied in later

sections. The term Y, represents the amplitude of sprung mass acceleration.

2.2.1. Regenerative Suspension Prototype

A 1-DOF regenerative suspension system, fabricated at the Intelligent Vehicles Lab at
Simon Fraser University, is shown in Figure 2-12. The vibrational test-bed setup was developed
to provide experimental verification of equivalent damping synthesis provided by the AC/DC
converter, which will be presented in this Chapter. The electromagnetic-based suspension
generates available AC power when placed under base excitation. As depicted, the 1-DOF
quarter-car system prototype consists of a mass plate on bearings and four parallel springs. A
MTS Hydraulic Actuator (Series 248) was utilized as an actuator to provide base excitation to the
suspension system. A Maxon DC series motor (RE40-218011), attached to a planetary gearhead
(GP52C-223083), was adopted to replace a traditional damper. A high helix lead THK ball-screw
(KX-10) was connected to the DC motor for converting the vertical movement into the rotary
motion. According to [50], the running efficiency of KX-10 can be assumed to be higher than

90%.
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Figure 2-13: Experimental frequency response of (a) amplitude of relative displacements and (b)
absolute acceleration with respect to various physical load resistors (€2). Undamped natural
frequency = 6 Hz.

In addition, string potentiometers with spring loaded cable from Celesco SP212 were
used for measuring the suspension relative displacement. The sprung mass acceleration was
measured by 3-axis low power Analog Device ADXL- 326 accelerometers. The main parameter
values of the experimental setup are tabulated in Table 2-4. Recalling Figure 2-11, various
physical power resistors are attached to the terminals of DC machine for the generation of
frequency responses (for excitation frequencies in the range: 2- 9 Hz) in terms of both suspension
relative displacement and sprung mass absolute acceleration are shown in Figure 2-13. As
indicated by Table 2-3 the selected resistance values is capable of applying equivalent damping in
the electrical domain ranging from under to over- damped conditions (i.e. &= 0.059 to 1.46).

Table 2-3: Applied damping ratios to electromagnetic suspension prototype with respect to
various load resistors.

Load resistors (€2) Damping ratio & Load resistors () Damping ratio §
10 1.46 60 0.42
20 0.98 80 0.33
30 0.73 100 0.27
40 0.59 120 0.23
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50 | 0.49 250 0.11

490 0.059

Table 2-4: Regenerative suspension experimental parameter values

Parameter Value Parameter Value
Sprung mass 16 kg DC motor internal resistance 10 Q
Total spring constant 23548 N/m Gear ratio of the gearhead 12:1
Rotor inertia of the DC motor 120 g-cm’ Lead ratio of the ball screw / | 60 mm/rev
DC motor torque constant 170 mNm/A | Travel length of the ball screw 300mm
Accelerometer sensitivity ~57 mV/g Potentiometer gain ~3.93 V/m

2.3. Regenerative Power Electronics Topologies

Various types of energy harvesting systems have been reported in the literatures.
Recently, regenerative suspension systems have become extremely popular for dual purposes of
active suspension control and power regeneration. Several topologies of tubular electromagnetic
based regenerative suspension mechanism incorporating permanent magnets have been proposed
[52]- [55]. To harvest the ambient vibration energy, several converters have been proposed [56]-
[58]. In [59], a piezoelectric-based energy harvester was presented by utilizing a buck and buck-
boost converter. The method of impedance matching for maximum power transfer in a
piezoelectric-based energy transducer was presented in [60]. A flyback converter with maximum
power point tracking capability was presented in [61]. A MOSFET-based voltage doubler
coupled with a boost converter was proposed in [62] for low voltage energy harvesting
applications. In [63]-[64], the concept of energy harvesting by providing an equivalent damping

was presented by utilizing a full-bridge rectifier and a DC/DC converter.

Larger scale electromagnetic type transducers have recently gained attention in the
implementation of regenerative vehicular suspension systems and seismic structure dynamic
suppression [52]. In this type of application, the power level (> 1W) is much higher than that of
piezoelectric based converters (< 100 mW). Various types of mechatronic systems have been
reported in the literatures along with electromagnetic dampers for regenerative vibration
suppression and energy harvesting [66]-[69]. Permanent magnet based generators for converting
linear reciprocating motion into electric energy were presented in [71]- [72]. A power converter

for larger scale energy harvesters utilizes a synchronous boost rectifier capable of synthesizing
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constant input resistor for harvesting damped energy was proposed in [72]. The direct AC/DC
converter demonstrated in [74] aims for seismic structure control and energy harvesting using
tuned mass-spring-damper. The work lacks theoretical analysis in converter switch-mode
operation, control, experimental verification, and requires large converter foot print. A DC/DC
converter indicated in [75], for regeneration from an electromagnetic shock absorber, only
included the simulation results of a buck/boost converter, however, various aspects, such as

AC/DC rectification and converter experimental outcomes were not mentioned.

Equivalent mass ) )
4 Variable electrical

) Stlffnes.s . Linear/ rotary damper
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DC motor winding loss and
+ + armature inductance

.
" R int Lint
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I
CcCcs VCVS
==
_< . . > < >
Mechanical side Electrical side

Figure 2-14: Analogous electrical model of 1-DOF regenerative suspension.

Referring to the adopted regenerative suspension system depicted in Figure 2-11, the
power generated from the base vibration is distributed into mainly three parts: mechanical
friction, electrical loss, and power transferred to load resistor (see Figure 2-11 (b)). To capture
useful power, the amount delivered to the electrical load needs to be maximized. The total current

passing through the electrical load and motor’s internal resistor can be obtained as
by = (ke,kg )(Rim +R,y) d7'z (2-44)

To analyze power regeneration by R,.;, a mechanical-electrical analogy is adopted as
shown in Figure 2-11 (b). According to [50] and considering (2-41), the road force, equivalent
mass, physical stiffness, and equivalent damping are analogous to current source, capacitance,

inverse inductance, and inverse resistance in the electrical domain, respectively. The DC machine
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provides available power to R, and supplies mechanical torque proportional to the current i,
Therefore, the DC machine is represented by a current controlled current sink (CCCS) and
voltage controlled voltage source (VCVS) in the mechanical and electrical domains, respectively.

The DC machine back- EMF v, is given by

vx=(k k )d-lz'. (2-45)

etg

The instantaneous electrical power generated by the damper is a function of the relative speed of

the system, which is
pinst = (kekg )2 (Rint + Rload )71 d722.2 . (2-46)
Assuming z = 4sin(wr +6), the average power flow per cycle is calculated as

Py =0.5(40) (kb ) (R + Ry ) d 7227 (2-47)

2.4. Construction of Standardized Road Profiles

The objective of modeling standardized road profile is to obtain the dynamics of vehicle
tires when placed under realistic excitations. According to ISO 8608 [76], the road profiles can be

characterized by power spectral densities ® (PSD) defined as

o@)-o@) 5] )
where wavenumber Q, = 1 rad/m and w is defined as road waviness, which describes the
reduction of vibration PSD along the angular wave numbers (rad/m). The value of w= 2 has been
widely recognized [78]. Various classes of road roughness are defined by values of ®(€,). As
depicted in Figure 2-15 (a), PSD of road classes B (i.e. 4' pm’/rad) to D (i.e. 4’ pm’/rad) have

been delineated.
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According to [76]- [77], the road profile X is derived by the summation of sinusoidal waveforms

(with size of N), which can be written as the following

LxN, N

X =33 4sin(QD,-y,). (2-49)

j=1 =1

where N and N, indicates the number of points taken along the wavenumber axis and in one meter
of road disctance, respectively. The phase Y¥; is pseudorandom and normally distributed between
[0 2x]. The vehicle traveled distance is defined by L, which the sampling rate D; is determined by
the total number of sampling point taken throughout the entire traveled distance (size: LxN;). The

excitation amplitudes 4; is given by

4, = 20(Q,)dQ (2-50)

where dQ is the step size taken from the wavenumbers. Referring to PSD profiles in Figure 2-15
(a), it allows the realization of ISO standard excitation profiles by (2-48)- (2-50). In this case, the
road profiles from class B to D for the distance of 100 (m) has been reconstructed in Figure 2-15
(b). The class C road profiles with nominal values of i=1, 2 and 100, 200 within 100 samples are
depicted in Figure 2-16 (a) and (b), respectively.

a
-10 : S : o : : R
10 i il i Liiiig i Liiiig i iii it
10-2 10-l I00 l0l 102
Q (rad/m)
2 Road profile
T b)

(em)

0 10 20 30 40 50 60 70 80 90 100
D (m)

Figure 2-15: (a) PSD ®(Q) and (b) road profile X (in cm) of ISO 8608 road class B to D.
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Figure 2-16: Nominal longitudinal class C road profiles with (a) i= 1, 2 and (b) 100, 200 within
100 samples.

Alternatively, according to [78], the road profile can also be constructed, with respect to
temporal excitation frequency, by passing a unit- intensity white noise through a low pass filter

(LPF) expressed as

() =27

S+w,

(2-51)

where G,= ®(Q,)/(2n)* is the roughness coefficient with ®(€,) expressed in (m*/ cycle), V is the
vehicle velocity, w= 2nlv is the temporal excitation frequency with wavenumber v in (cycle/m),
and w,= V is the cut-off frequency of the LPF. The instantaneous waveform and amplitude
spectra of a white noise with unit intensity are shown in Figure 2-17. As indicated by (2-51),
higher road class and faster vehicle velocity amplifies the gain and extends the cut-off frequency
of the white noise LPF, which means assuming fixed travel duration higher vehicle velocity and

rougher roads will provide higher available energy.
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Figure 2-17: (a) Instantaneous waveform and (b) spectra amplitude of a white noise with unit
intensity. Sampling frequency: 0.5 Mhz.

To illustrate the excitation frequency compositions, an instantaneous ISO8608 class C
longitudal road profile with its corresponding amplitude spectrum, obtained by Fast Fourier
transformation, are shown in Figure 2-18 (a) and (b), respectively. The amplitude spectrum, in

terms of excitation frequency, is obtained as follows

X~ (a2 (2-52)

i1
where N is the vector length. As indicated, higher excitation frequencies contribute to less
composition of the instantaneous road profile. In addition, both amplitude and phase of the LPF
comprised of road profile PSD (see Figure 2-15) and vehicle tire are shown in Figure 2-18 (c¢) and
(d). In this case, the 2-nd order LPF is as follows
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Figure 2-18: (a) Class C longitudal road profile in 69.4 (m) and its’ (b) single- sided amplitude
spectrum. Bode plot of combined class C PSD and vehicle tire dynamics in both (¢) amplitude
and (d) phase. Note: Sampling frequency= 0.5 MHz.

2.5. Full- sized Vehicle Power Regeneration Potential

Based on the experimental results of a small-scale suspension prototype (to be outlined in
later chapters), one can estimate the available energy distribution and total energy regeneration
under various ISO road classes for full-size vehicles. In this work, to illustriate the power
regeneration potentials, both full-size electric vehicle (e.g. Tesla Model S) and 6-wheeled

recreational vehicle (e.g. Autotrail Frontier Chieftain Motorhome) can serve as suitable examples.
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According to Figure 2-19 (a), the boundaries “o-b” indicates energy distributions taking
place in a regenerated suspension system, generally. As depicted, the available energy is
comprised of kinetic/ potential, damped, and regenerated energies. The exchange between kinetic
and potential provides sprung mass oscillation, which implies indefinite oscillation when the
damped energy is absent. This also indicates the amount of avaialbe energy that is not
harvestable. The boundary “b- ¢” indicates energy loss of ball-screw friction and DC motor
armature coil. It is noted the calculation of the ball- screw driving efficiency (or energy loss)
between “b- ¢” is calculated by forces between moving the ball nut and screw shaft. The
boundaries “c- e¢” indicates energy distribution in the electrical domain, where charged energy is

obtained by subtracting converter energy loss.
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Energy distribution in full- size RV (R;,=10 Q)
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Figure 2-19: (a) Estimation of regenerated energy distribution in an electromagnetic suspension.
(b) Energy distribution of a full-size EV with R, = 50 Q over 4 (hr) trip and (c) a typical RV with
R;, =10 and (d) 1 kQ per hour under ISO 8608 class A to D roughness, ®(€2,). Note: Sampling
rate: 1 kHz. Legends are A : Available energy, x: Sum of kinetic and potential energies, m:
regenerated energy and e: friction damped energy. Note: Sampling rate: 1 kHz. Legends are A :
Available energy, x: Sum of kinetic and potential energies, m: regenerated energy and e: friction
damped energy.

As depicted in Figure 2-19 (b)-(d), various legends are delineated to represent A:
Available energy, x: Sum of kinetic and potential energies, m: regenerated energy and e: friction
damped energy. In this case, assuming quarter of a full-size EV weighs approximately 0.5 ton
with moderate stiffness coefficient k= 23245 N/m (i.e. 131 Ibs/in) and ¢/~ 5 kN sec/m, it follows
that synthesizing R;,= 50 Q (= 700 N sec/m) provides the suspension damping ratio (= 0.8.
According to [79], the range capacity of a Tesla Model S is approximately 335-426 km while
equipping 60-85 (kW-hr) rated Lithium-Ion battery packs. Assuming the battery is capable of
powering the EV for travelling at constant speed of 85 km/hr for 4 hours (e.g. Ottawa, ON to
Toronto, ON) before drainage, therefore, as depicted in Figure 2-19 (b) a single suspension is
capable of regeneration approximately 2.6 to 167 kW-hr in 4 hours trip duration, depending on
various ISO road classes. Thus, the regeneration capacity over the trip duration is comparable to

that of the EV battery packs, which indicates the feasible potential of harvesting road energy for
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further extending the vehicle’s range capacity by at least 12-15% (10.4 kW-hr/60 kW-hr
assuming smooth road, ISO8608 class A, with four regenerative suspensions in 4 hours). This is

equivalent to range extension of 50 to 70 km for the Tesla Model S.

In addition, the total recreational vehicle (RV) mass of roughly 12.5 ton is evenly
distributed to the suspensions while V= 85 km/hr, k= 23245 N/m and ¢= 10 kN sec/m, the total of
3.2 to 316.5 (kW- hr) while driving on typical ISO 8608 class C road for one hour can be
obtained by the adopted DC generator/ ball- screw mechanism. It is worthy to note, with ¢~ 10
kN sec/m, synthesizing R;,,= 10 Q (i.e. c,= 2.28 kNs/m by substituting in Table 2-4) to 1 kQ (c=
45.6 Ns/m) represents cases of critically and under damped for the sprung mass dynamics,
respectively. Therefore, according to [80], for a typical 5- hour road trip (e.g. Vancouver, BC to
Osoyoos, BC), on average road condition, the available power provided by the road surface

allows powering the on- board recreational appliances for at least 12 (hr).

2.6. Chapter Summary

In this chapter, models for one and two DOF dynamic systems were obtained to
demonstrate the responses of sprung mass under base excitations. Moreover, the modelling of
ISO 8608 road profiles, for different road roughnesses, was described. The model allows realistic
estimation of road energy harvesting for full-scale vehicles (e.g., full- size sedan and recreational
vehciles). In addition, the power regeneration mechanism of DC machine under road excitation
was investigated. The detailed modeling of a current controlled switched-mode rectifier (SMR),
synthesizing variable electrical dampers, for the purpose of energy harvesting will be presented in

the next chapter.
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Chapter 3.

Bi- directional Switch Mode Rectifier for Synthesizing
Variable Damping and Semi- Active Control

In this chapter, the concept of using a switch-mode rectifier (SMR) for synthesizing a
variable electrical damper is demonstrated. Along with hysteresis current control, it is shown that
both the amplitude and phase of the converter current can be controlled, with respect to irregular
and stochastic generated back-EMF voltage, which is equivalent to turning the desired
synthesized resistor values. According to the derivations shown previously, this is equivalent to

tuning the mechanical damping coefficient through capturing road-induced vibration energy.

3.1. Converter Modeling

The bi- directional power converter for synthesizing variable resistor is shown in Figure
3-1. The synthesizer is essentially a current controlled switch-mode rectifier (SMR) operating in
the continuous conduction mode (CCM). As depicted, the power stage consists of a physical
power inductor and a single phase Voltage Source Inverter (VSI) for providing the desired 3-
level v, through the corresponding PWM pulses driving the power MOSFETs. Before
synthesizing variable resistors in a switch- mode converter, we consider a general variable
resistor, R;,, shown in Figure 3-2. The value of R;, is determined through the amplitude/phase
relationship between resistor voltage, V(?), and current, i(?) as seen in (3-1). Assuming both V(?)
and i(?) are completely in-phase (i.e., high power factor), varying the ratio between both

waveforms is synonymous to changing terminal resistance R across the terminal “a-b”.
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R, =V(1)i"'(7) (3-1)

Consider a resistive load shown in Figure 3-3 (a) which is obtained through synthesyzing a
variable resistor across the terminal voltage (V,), and current (i,.;). The single phase AC source
along with its internal impedance (i.e., Z;) is connected to a virtual resistor where the phase
relationship between V., and i, is expected to be equivalent to that of a physical resistor with the
same value. Referring to Figure 3-3 (b) the variable resistor synthesizer consists of a physical
inductor L, and a controlled voltage source V, with Z (i.e. R-L series) representing the source
impedance, and V. indicating an equivalent voltage source generated by a single phase 3-level

VSI [87]- [88].

Jﬁ . ipc

Ql' Q3!

Jox Jk
Q2" 'Tos

1]

Figure 3-1: Switch- mode boost rectifier topology.

Vit) -
a+(t)b

R, it)

Figure 3-2: Concept of resistance synthesis
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(a) (b)

Figure 3-3: Equivalent model of variable resistance synthesis (in Laplace domain variables)

If the driving point impedance at the terminal (shown by “+/-*) in both Figure 3-3 (a) and (b) can
be assumed resistive, the current flowing through both circuits can be equated. Defining the
variables /;,(s) and /,.(s) as Laplace domain representation of terminal current 7;, and reference

current 7,., one will obtain the following:

Vi(s)
I .(s)= ]
=7k, 2
_Vi(s)=V(s)
n(5)= Z +sL, (3-3)

To ensure correct resistor synthesis the expression between source voltage (V) and controlled
voltage source (V,) is derived next. By equating (3-2) to (3-3) the expression of V, in both time

and Laplace domains can be obtained as the following:

v, =v, - Ri, - (L, Lv)dif" 3-4)
dt
Rn _SLll
v (s)=" ey, :
C(S) ZS +RH X(S) (3 5)

where R, and L, represents the motor internal impedance, R;, is the desired variable resistance and
L, is the line inductor. The transfer function indicates the relationship between V,(s) and V. (s),
where the amplitude attenuations and phase shifts are determined by values of passive elements.

Thus, by controlling V.(s) to follow the relationship in (3-5) ensures the correct synthesis of R,,.
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3.2. Regeneration and Motoring Modes

The purpose of operating in the regenerative mode is to harvest energy from the
suspension mechanism through the electric machine while providing positive damping force to
the suspension system. In the regenerative (motoring) mode, during positive cycle of line voltage,
positive (negative) source power contributes to storing (dissipating) of DC bus energy (i.e.,

battery). This condition indicates a charging (discharging) operation.

Regenerating Regenerating
;\ —> l # - A
. Motoring | Motoring i

1
vy in ; 'DC —_ VDC

Figure 3-4: Motoring and regeneration states by direction of current.
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planetary gear

| Mechanical |
| Suspension |

I Excitation input

Figure 3-5: Configuration of regenerative suspension indicating the power converter providing

the desired equivalent dynamics through v, and i,,.

Referring to Figure 3-4 and Figure 3-5 the role of power converter is to convert the
kinetic energy, induced by excitation input, to the load battery Vpc. Here, we defined the average

harvested power as follows
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B 1!+E (3-6)
Foe =T, I IpcVpedt
t

where T is EMF voltage period (i.e. line period), ipc is defined as the charged current, vpc is the
battery voltage . According to Figure 3-3 (b), the average controlled voltage source v, generated

by a single phase VSI through the following

(3-7)

t+T,,

Ve :T\;l I Vpedt
t

where Tgy is the MOSFET switching period. Recalling (3-5), it is also noted the limitation of

SMR in synthesizing variable resistors is limited by R;. Referring to Figure 3-2 and assuming i;=

Iref~ VX(R,-,,)'I, theorectically the converter is operating in regeneration mode when R;, >R, since in

. R .
low operating frequency we can assume v, ~v_—Ri, ~v ——-v_ . Having R;>R; ensures both

s”in
in

v. and v, have the same polarity. Since the purpose of the converter is synthesizing variable
resistors (i.e. resistive behavious at the line terminal), meaning both v, and i;, waveforms will be
in- phase, ideally. When R,,< Ry, v, indicates opposite polarity to that of v,, which means both v,
and i;, waveforms are out of phase, thus the converter is operating in motoring mode. The

maximum negative synthesized resistor (i.e. R;,< 0 Q) is limited by the value of battery voltage or

S

inverter voltage, sincev, v _+—-v

.
in

Having the equivalent model of the SMR we are able to model the average battery consumed/

harvested power as the following

_ i, (3-8)
P.=T" j vi dt

s c’in
t

Again, since torque generated by a DC motor is directly related to its current, thus i;, represents
the desired response synthesized in the electrical domain. Recalling (3-4) - (3-5) and assuming

voltage drop between L, and L, is negligible (i.e. La%+ Ls%z 0 V) due to low excitation
t t
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frequency, thus the phase difference between v, and v, is negligible. The amplitude difference is

correlated to the motor/ generator loss since v, *v, — R,

s’in %

meaning, by adjusting the duty cycle

of the VSI according to i, the desired v, can be obtained.

1.2
1.1
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Figure 3-6: Average regenerated power ﬁDC (watts) with R;,= 30 to 100 Q and v,= 10 sin(20mnt).

Hence, for illustration purposes and assuming R= 30 €, according to the defined
direction of B,.and Figure 3-6, it indicates power charging (i.e. regeneration mode) when R;,> R,.
It is noted as R;, increases the amount of average harvested power decreases, when R;,~ R, leads
to maximum P,. with lower conversion efficiency, which will be shown in details in later

sections. This is a typical trade-off for maximum power transfer. It also shows that in order to
enlarge the range of synthesized R;, (by AC/DC converter) the selection of DC machine in terms

of its equivalent resistor (R,) coil loss is imperative.

3.3. Hysteresis Current Control

3.3.1. Double- band Three-level Hysteresis Current Control

In this work, a double-band hysteresis current controller (DB- HCC) was implemented to
control 7;,. The variable sampling frequency modulating scheme is implemented for its wide

bandwidth and fast transient response, unconditional stability [81]-[86], full expandability to
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multi-level topologies (e.g., flying capacitor, neutral point clamp, cascaded H-bridge topologies
for lower transistor electromagnetic interference EMI/ inverter total harmonic distortion THD),
and accurate line resistor synthesis. The SMR with a controller consists of hysteresis comparators
with two different sizes of error-bands are shown in Figure 3-7. In order to control v, for correct
R;, synthesis the terminal current 7;, should be regulated to follow i, as recalled in (3-5). The
controller consists of hysteresis comparators with two different sizes of error-bands as shown in
Figure 3-7 (b). With the desired gating signals for Q1-4, additional digital logic circuits were
introduced for MOSFETs switching frequency (i.e. switching power loss) reduction and
equalization, synonymous to carrier- based PWM modulation [87]- [88]. As a result, the average

switching frequency is given by

1

S ®Vck(0.6-0.5k)(LAT) (3-9)

where k = v,,,/vpc is the modulation index, A/ is the small error band, and vy is the inverter input

voltage.
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Figure 3-7: (a) SMR. (b) Double-band 3-level HCC.
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Figure 3-8: Oscilloscope waveform of R;,= 5 Q synthesis with corresponding AC source V7,
input current #;,, rectified current ipc, and VSI voltage v.. Note: V, indicates independent AC
source while v,,,srepresents dependent voltage source (i.e. DC machine back- emf)

The control method was implemented under MATLAB/ SIMULINK real-time workshop
environment and built to the target hardware (TI TMS320F DSP). To verify synthesized R;,, V.
(oscillating at 5 Hz while supplied by Chroma 61501 programmable AC source) and i, are
captured as shown in Figure 3-8. In this experiment, a nominal Rin= 5 Q is emulated by the
corresponding v, (ch4), which can be verified through the amplitude ratio/minimum phase shifts
(i.e. high power factor) between V, (i.e. ch3) and i,, (i.e. chl). In addition, the rectified current, ipc
(ch2) indicates the current charges the load battery in equivalent circuits Mode-2 (positive line

cycle) and 4 (negative line cycle), as shown in Figure 3-9.
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Figure 3-9: State diagram of DB- HCC.

The current ripple is primarily determined by smaller error-band hysteresis comparator
while the large error-band hysteresis comparator is implemented to reverse the polarity of vpc,
when the smaller error-band comparator is unable to regulate the current error. Under this
condition, the larger error-band comparator will activate to accomplish polarity reversal.
Referring to the controller state machine shown in Figure 3-9, it is assumed the converter initially
operates in the regeneration state with sign(v;,) >0. The smaller error-band comparator acts as a
single-band hysteresis comparator, which switches on either Q1 or Q2 according to the error
current (i.e., Al = i,/- i;5), defined as the difference between reference current i, and measured
current i,, When [i;,-i,./< Al, Q2/4 are switched on, connecting v;, to L,, which charges it at the rate
of Ai, = V,/L,. When |i;,~i,,/> A, Q1/4 are switched on thus i, into battery at the rate of Ai;, = (v,-
Vpe)/L.. Subsequently, when sign(v;,) <0, Q3 will switch on with either Q1 or 2 depending on the
output of the smaller error-band comparator. The large error-band comparator switches on Q3 or
4 for vpc polarity reversal, which takes place when the small error-band lost regulation (e.g.

sign(v;,) reversal).

To verify the DB-HCC control law state diagram, Figure 3-10 (a) indicates i, over duration of 1
(sec). In this case, the nominal small and larger bands are 5 (mA) and 1 (A), respectively.
Essentially, the control method regulates i, by presenting different values of v., generated by
VSI. The detailed i,,, shows lost regulation of small- band and transitioning of large-band are

depicted in Figure 3-10 (b). The detailed switching mode transitioning clearly demonstrates
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through i,,, switching waveform in Figure 3-10 (c). Referring to the transition from Mode 1 (point
“a”), when i,,= |i;-1,,/< 5 (mA). Subsequently, to reduce i, Mode 2 activates when i.,,> 5 (mA).
Later, Mode 1 is activated again to increase i,.. Due to variation of line voltage v;, (point “b”),
Mode 1 is no longer sufficient to regulate i,,. within the small- band. Eventually, when i,.,> 10
(mA), at point “c”, small- band officially lost regulation and vpc reversal takes place. In this case,

Mode 4 is activated to increase ... Afterwards, to reduce .., Mode 3 activates when i,,,> 5 (mA).
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vpc polarity reversal (b)
. ¢c) (b (First band lost regulation)
Lopy ( ) ( ) \
[ 0.01 f
Second band /1
i First band
err 1
0.005
0
-0.02 -0.005] i
First band
Second band
-0.03 1 l
-0.01
! f 1
vpc polarity reversal
-0.04 L L L L L L L L L (Flrst band lost regulatlon)
-0.015' ‘
0 01 02 03 %:19(053)06 07 08 05 1 03285 0329 03295 033 0.3305
Time (sec)
0.015; -
sign(v,)> 0 (©)
0.01
ode 1,vpc=0V  Mode3, vncf{‘\'
| Mode 2, V,
0.005 ‘ ‘° e
WA
|
ok | } : Mode 4, vpc=-V ]
! |
-0.00: I
[
[
-0.01 Mode |
c
-0.01

02287 0.2288 0.2289 0.229 0.2291 0.2292 0.2293 0.2294 02295
Time (sec)

Figure 3-10: (a) Error current i,,..over duration of 1 (sec) with small and larger error bands of 5
(mA) and 10 (mA), respectively (b) Detailed i,,, indicating lost of first band and activation of
second band. (c) Detailed i.,. switching waveforms showing the transition between switching

modes with sign (v;,)> 0.
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Variable Resistor Synthesis using Three- level HCC

The simulation of the 3-level HCC controlled SMR is performed in
MATLAB/SIMULINK/ Simscape/SymPowerSystem environment. The values of SMR and DB-
HCC are L,= 1 mH (with ESR= 1 mQ,), vpc = 24 V, small and large error- band = 0.01 A and
0.02 A, respectively. The variable resistor syntheses R;, are swept from 100 Q to 25 Q in 0.8 (sec)
durations. As indicated in Figure 3-11 (a), the line voltage v, is oscillating at 10 Hz with
amplitudes of 10 V for nominal duration of 0.8 (sec). The voltage v., depicted in Figure 3-11(b),
is generated by the single- phase voltage source inverter according to the corresponding pulse-

width modulated (PWM) signals generated by the 3- level HCC for synthesizing the desired R,.

Vx

-M% 01 02 03 04 05 06 07 08

(sec)

Figure 3-11: (a) Line voltage. (b) 3- level controlled inverter voltage for R, sweep.

Synthesizing R;, is equivalent to controlling the converter current i;, to follow the
reference current 7,., which is calculated by dividing v, by the desired R;,. Therefore, referring to
both reference current i,,;and converter current i;,, in Figure 3-12, it is realized the desired R;, can
be verified through the corresponding amplitude ratio between v, and i;,. It is noted that both

waveforms indicate a high power factor (PF). Also, the amplitudes of i, increase with respect to
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decrease of R;,. In this simulation, R;, varies from 100 Q to 50 Q and 50 Q to 10 Q at = 0.25 and
0.5 (sec), respectively. In order to illustrate the steady- state error of resistor synthesis by 3- level
HCC, we define i;,= i,,;/tAh, where Ah is the small error- band bandwidth. Therefore, the error of

resistance synthesis equals to the difference between desired synthesized and measured resistors

(L. AR, =R, — R, =V, i =V, (iwf +i, )_ ~ R2,Ahv;) ). For example, when V,= 10 V, R,,=

in = Vemslre

25Q, Ah=+10" A, thus AR;,= + 625 mQ (i.e. = 2.5 % steady state error of Ryep).
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Figure 3-12: (a) Converter i, (black), reference current i, (blue), (b) Detailed i;, and i, transients
indicating 50 % set-point reduction.

Again, the purpose of the SMR is to harvest maximum real power from the line, generated by a
suspension generator. In this simulation, assuming v, is an independent power source, the lower
value of R;, should correlate to higher power of battery storage. Hence, as indicated by Figure
3-13, the rectified battery current ipc should increase as R;, decreases to indicate high
instantaneous power charging. To evaluate the bi-directional power flow of the SMR, similar
sweep of synthesized resistors is implemented. In this case, R;, is swept from 100 Q to -50 Q and
-50 Q to 25 Q. As shown in Figure 3-14, when R;, = -50 Q the direction of ipc is opposite
(negative) comparing to that of R;, = 100 Q and 25 Q. This indicates the converter is placed in

motoring mode, meaning the instantaneous power is drawn from the DC link to AC line. This is
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an invaluable feature of the controlled SMR for applications in suspension regenerative semi-
active control schemes, which will be outlined in Chapter 3. Moreover, from Section 2.2, in the

mechanical domain, this indicates the synthesis of negative damping coefficient c~=

0.02k ki2d™ .

etg

iDC
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(sec)

-0.2 | | |

Figure 3-13: DC link charged current for R;, sweep.
0.5 ;

irof (blue) ‘ ‘ ‘ ‘
i, (black) /\/\ /\ /\
VA /\\/ V., i

S N T

R;,=100 Q R,=-50Q R,=25Q (
03 01 02 03 04 05 06 07 0.8
0.6 T T ll\)C
0.4 Generating mode  Motoring mode
<02 > >
~ 0

-0.4 L | | ! ! ! | (bj

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(sec)

Figure 3-14: (a) Converter i, (black), reference current i, (blue). (b) DC link current indicating
transition between generating and motoring mode.

3.3.2. Multi- level Hysteresis Current Control

The aforementioned 3- level HCC can be readily expanded to multi-level modulation
schemes. To demonstrate the expandability of HCC, a 5- level HCC cascaded H- bridge has been
simulated in MATLAB/ SIMULINK/SymPowerSystem. It is worthy to mention that comparing
to DB- HCC the benefits of this strategy, in high- power level applications, is to provide lower
MOSFET switching frequency (lower switching loss), EMI, and inverter THD. The apparent
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drawbacks are larger conduction loss (due to addition MOSFET Rps,,), converter, and auxiliary
circuit footprints [89]- [93]. During regular conduction modes, the conduction loss is doubled for

a 5-level cascaded H- bridge SMR topology comparing to that of a 3-level SMR.

Before illustrating the control algorithm, it is important to mention that, in this work, with
lower power-levels (< 5 W), the apparent drawbacks of the cascaded topology (i.e. increased
conduction loss, larger converter foot- print) exceed the potential benefits (i.e. EMI, THD
reductions) due to low DC bus voltages. Due to this reason, the prototype of the 5- level SMR

was not fabricated.

As depicted in Figure 3-15, the 5- level SMR topology is synonymous to that of a 3- level
SMR with an additional H- bridge. It is worthwhile to note the double- band type HCC control
algorithm is an expansion to that of a 3- level control law (see Figure 3-9). Since, a single- bridge
topology can only generate 3 voltage levels (i.e. -vpc, 0, vpc). As a result, the state machines of 3-
level HCC have to be expanded. Referring to Figure 3-16, there are 5 states exist in a 5- level
HCC state machine. With the states transitioning to the other represents the voltage change

generated by the cascaded topology.

J JE"}
Q6 Q8

Figure 3-15: Five- level cascaded H- bridge Sl\/fR.
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To illustrate the 5- level state diagram (see Figure 3-16 and Table 3-1), a nominal start
point in Mode 2 (vp= 0 V) can be chosen. The transition between Mode 2 (vp= 0 V), 3 (vpc=
Voc V), and 1 (vp= -Vpc V) will take place as long as the converter current i;, is regulated within
the smaller error-band (defined by Al). Once, Al losts regulation due to external state
perturbation (e.g. line voltage or desired synthesized resistor change) the state transition to Mode
0/4 takes place. The on/off states for all MOSFETs for different levels of vy are tabulated in
Table 3-1. Various works have been devoted to optimize the switching sequence for minimizing
the numbers of MOSFETs turning on/off to alternate between desired vpc [89], [95]-[98].
Assuming due to line voltage variation or amplitude of desired converter current, applying vpc— =
Vpe V is unable to regulate i;, within A, the transition between Mode 3/4 or 0/1 will take place
(i.e. vboc= £ Vpe, £ 2Vpe). For illustrative purpose, the bi- directional 5- level SMR is simulated in
MATLAB/SIMULINK/ SymPowerSystems with v,= 15 sin(20nt), L,= 10 mH (ESR= 1Q), and
vpc—= 12 V, R,= 10 Q for 0.6 (sec) with 50 % change of R;, at =0.32 (sec). The error- bands
selected are A= 0.01 (A) and A/= 0.02 (A).

|iin'ire/i <Al |iin'irq/1 < Als |iin'ire/1 < Als |iin'ire/1 > Al

.o Start
\iin=lrefd™> AL il > AL a liinired™> ALy iy < Al

Figure 3-16: Five level HCC state diagram. The error- bands are defined by both A/ and Al.

Table 3-1: Truth table of 5- level HCC switching combinations

Ql/not | Q3/not | Q5/not | Q7/not v S;t/ Q3/not | Q5/not | Q7/not v

(Q2) (Q4) (Q6) (Q8) ¢ Q2) (Q4) (Q6) (Q8) ¢
0 0 0 0 0 1 0 0 0 Vbe
0 0 0 1 -Vpc 1 0 0 1 0
0 0 1 0 Vbe 1 0 1 0 2Vpc
0 0 1 1 0 1 0 1 1 Vbe
0 1 0 0 -Vpe 1 1 0 0 0
0 1 0 1 2Vpe 1 1 0 1 -Vpe
0 1 1 0 0 1 1 1 0 Vbe
0 1 1 1 -Vpe 1 1 1 1 0
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As depicted in Figure 3-17, the line voltage v,, in Figure 3-17 (a), is assumed an
independent AC voltage source. The converter current i;,, in Figure 3-17 (b), varies corresponding
to the desired R;,. The error current i.,~ i,, -i;,, and controlled cascaded H- bridge voltage are
shown in Figure 3-17 (c) and (d), respectively. To observe the state transition, a detailed depiction
of the waveforms is placed in Figure 3-18. As shown in Figure 3-18 (d) the state transition takes
place from Mode 2 to 4 due to the lost regulation of A/l. According to (3-3)- (3-4), since the
maximum voltage (at 100% duty cycle) can be generated by a single H- bridge is v= Vpc,
therefore, when the voltage level is incapable of regulating the reference current i,  (for

synthesizing R;,) the transition will take place in the larger error-band. The larger error- band is

defined by Al

20 =
S0 /o
0n Vx L .LiJ L L L
-20% 0.1 0.2 0.3 0.4 0.5 0.6
SANIVANIVANIVN -~
Iin \\/ \R£,= lo\ﬂ/l Ri,=20Q . (b)
) 0.1 0.2 0.3 0.4 0.5 0.6
- (c)
20 1N I
1 ierr N N L,J ' N
'40 0.1 0.2 0.3 0.4 0.5 0.6
- (d)
22
oLte . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6
(sec)

Figure 3-17: (a) Line voltage, (b) converter current, (c) error current, and (d) inverter generated
voltage. v,= 15 sin(20nt) and vp= 12 V.
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Figure 3-18: Detailed (a) line voltage, (b) converter current, (c) error current, and (d) inverter
generated voltage indicating transition of modes due to smaller error-band lost of regulation.
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Figure 3-19: Detailed (a) line voltage, (b) converter current, (c) error current, and (d) inverter
generated voltage indicating controller reducing i,,, for 50% input change.

58



= Ofe //'\\\ > >
=1, S \Hmwa) Tre-2vd

-AO 0.1 0.2 0.3 04 0.5 0.6
2
(©)
<0
LS ‘ ‘ ‘ ‘ ‘
20 0.1 0.2 0.3 0.4 0.5 0.6
‘ ‘ ‘ ‘ ‘ @
Egi 0 '4“I*444JII4444JIlL444JIl4444IIL444IIL444lll"41IIT441IIIAAAHII*AA1IIIAAAWII|T'
olivc ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6
(sec)

Figure 3-20: (a) Line voltage, (b) converter current, rectified current of (c) first bridge, and (d)
second bridge indicating bi- directional power flow.

The transient response of the 50% R;, change is delineated in Figure 3-19. As indicated,

during the transients, in the positive line cycle the state with the highest voltage level (i.e. Mode

. . dlm -1 . . .
4) is turned on with It =L, (2VDC _Vm) , in order for the DC link to rapidly reduce i, to the

its’ previous state (i.e. Mode 3). In this simulation, the time requires transitioning back to Mode 3
is 0.6x 107 (sec). This implies that with more levels of inverter voltages this time interval can be

further reduced.

To demonstrate the bi- directional power flow, a similar simulation is shown with
polarity change of R;,. In this case, R;, is varied from 10 Q to -20 Q at 0.32 (sec). To observe the
power flow the rectified current of both bridges are shown in Figure 3-20. It is demonstrated with
R;>0 Q the power flows from line to DC link and when R;,>0 Q the opposite flow of power will
take place. In addition, from the state machine (in Figure 3-16), Figure 3-20 (c¢), and (d) it is
realized when the transition takes place in larger error-band the bridge assigned to the smaller-

error band is always turned on ( by Q1°/4” or Q2°/3°).
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3.3.3. Proportional Integral/ State Space Feedback Control of Switch
Mode Rectifier for Variable Resistor Synthesis

Other than hysteresis current control (HCC), outlined in the earlier, for controlling the
SMR for resistor synthesis, another control scheme introduced for the same objective is a
proportional integral (PI)/ state- space feedback typed controller. Before calculating for the PI-
controller gains we analyze the expression of the terminal impedance (i.e. resistor). In the PI-
based controller scheme, the possibility of synthesizing variable resistor is outlined in the
following. The simplified SMR model is shown in Figure 3-21. Again, the model is essentially
consisted of a fixed inductor with a single phase voltage source inverter. Based on the desired
terminal impedance the state-space feedback controller minimizes the difference between
reference and terminal current (i.e. i.~i) by generating the corresponding v; through PWM
signals. After the low pass filter (i.e. Ly and Cj), one will obtain the desired filtered voltage v. at
source frequency, since the capacitor C; represents an AC short for the switching ripples.
Therefore, the desired phase relationship between line voltage v, and current i, can be ensured

minimizing errors between i,.cand i,.

(b)
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Figure 3-21: Simplified model of SMR (a) without and (b) with low pass filter driven by ideal

voltage source (i.e. R;,— 0 Q).

Referring to the SMR Figure 3-21 (b) and apply Kirchhoff’s voltage law (KVL) to v, one

will obtain the following,
=, +(sL, +R, )i, +(sL, +R, )i, —v,=0 (3-10)

By controlling the desired synthesized resistor R;, the inverter voltage v; which includes the

controlled error current (i.e. i, i;), as well as the state variables (e.g. v.) are written as follows

Vi :(iref_it)(Kp +S—11<i)+k_ifif +kitit +kvcvc (-11)

wherel,, =V, R.'. The proportional and integral gains for PI controller are indicated by K, and

K;, respectively. The state variable gains for i, i, and v, are k;, k;, and k., respectively. The
voltage generated by VSI is indicated by v;. The voltage across C;is denoted by v.. To remove
switching ripples appear on terminal voltage v, and current 7,, the converter model is modified by
adding a low pass filter. The value of the low pass filter can be chosen based on the following. To
short circuit the high frequency components C; is chosen at switching frequency f,., Z.
approximates low impedance and at source frequency f;, Z. approximates high impedance. The
value of L, is chosen that at switching frequency, Z; approximates high impedance and at source
frequency, Z; approximates low impedance. Following Kirchhoff’s current law (KCL) about the
low pass filter one will obtain the following

o 3-12
i, =i, —i.=1,—sCy, (3-12)

v, = (v, ~i,(sL, + R,))sC, ™ (sC, " +R)" (3-13)

c

Assuming all passive elements are ideals (i.e. equivalent series resistances = 0 Q), the control law

(PI with state feedback). Substituting (3-11) - (3-13) into (3-10) will lead to the following
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. . v v . K, .
(—vt +(sL, +R))i, + (st +R, )zf)—(R—pr + th, K,—K,i —th]
mn mn (3_14)
_klf (if N SCf (vt —, (SLo + Ro))) o kitit - kvc (Vz =1, (SLo + Ro)) =0
Rearrange (3-14) for v, and i,, the synthesized resistor R;, in Laplace domain is derived as
4 3 2

n(s) (L,L,Cps" =kyC Ls* +(L, + L, +k,L,)s" +(K, =k, —k,)s +K,)

. — *Nn K '

i(s) S'L,Cp =k, Cpbs? (i + 1)+ Pt ]1€<, (3-15)

in in

Having the transfer function we can choose the gain of the state variables and the PI controller. In

order to satisfy the stability requirement all the real parts of the poles/zeros have to be negative.

Terminal Transfer Function

In order to vary the desired nominal R;, (e.g. 10 Q) the bode plot of transfer function in
(3-15) is generated. Substituting the values of passive elements and controller gains, tabulated in

Table 3-2, into (3-15) will result in the following

12 4 13 3 2 5 ) (3-16)
_5x1077 8" +1.95x107" s” +0.002 5™ + 3.87x10” s + 5000

5x107 s* +1.95x10" §* +s* + 38700 s + 500

The bode-plot of (3-16) is delineated in Figure 3-22. It is noted with tuning of controller gains
(trial/ error) the synthesized resistor transfer function is in agreement with that of a physical R,
(i.e. 10 Q) in the frequency range of interest (i.e. 1 Hz to < 20 Hz), which demonstrated the PI/
state- space feedback controlled SMR is able to synthesize the desired R;, within a certain range

of source frequency.
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Figure 3-22: Desired synthesized resistor R;,= 10 Q (green) and terminal transfer function (red).

Table 3-2: Values of ontroller gains and passive elements

Parameters Value Parameters Value
L 1 mH K 5% 10°
L, 1 mH Ky -3.9x 107
C; 50 uF K, 2% 107
K, 3.87 x 10° K, 1.27x 10°
R, 10 Q

3.4. Switch Mode Rectifier Prototype

To verify resistor synthesis by the proposed converter prototype, shown in Figure 3-23
(a), a 1- DOF regenerative suspension fabricated by Intelligent Vehicles Lab at Simon Fraser
University, as depicted in Figure 3-23 (b) is utilized. Recall Section 2.2.1, the vibrational test-bed
setup was developed to provide experimental verification of equivalent damping synthesis
provided by the bi-directional bridgeless AC/DC converter, as depicted in Figure 3-23 (c). The
electromagnetic- based suspension generates available AC power when placed under base
excitation. A two- layered double- sided printed circuit board prototype of the bridgeless AC/DC
converter is depicted in Figure 3-23(a). The layout enables the converter to be either externally

powered by a DC power supply or internally by the load connected Sealed Lead Acid battery. In
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addition, surface-mount ferrite beads were placed for proper grounding between power and
signal. Other components adopted are tabulated in Table 3-3. To balance the tradeoff between
MOSFET on- state resistance and gate charge. Considering the general figure of merit R pgon) %

0O, , n-MOSFETS IRFZ44N by International Rectifier were selected.

Planetary
gearhead

DC miotor/
:ncodcr/tflll-screw

g

(b) (©)
inff' DB- H N Switching frequency
1/Ripaa cc 31 reduction/ equalization
state flow digital logic
h

Vemf

Boot- strap
oate drive

[encoder ]
Y o234 1 ipe
I DC motor [

planetary gear Bi- directional SMR I Ve

| Mechanical | : | I

I Suspension | ' _ _ _ _ _ _ _ _ _ 4

e ——— ——

I Excitation input

(d)
Figure 3-23: (a) PCB prototyped bi-directional bridgeless AC/DC converter. (b) Regenerative
automotive suspension prototype. (c) Test bed setup for variable resistor synthesis.

Table 3-3. Power components selected for switching waveform and power efficiency simulation.

Component Manufacture Part number

n- MOSFET International Rectifier IRFZ44N
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Component Manufacture Part number

Power Inductor Coilcraft PCV-2-105-02L
Electrolytic Capacitor Nichicon UVR1J682MRD
Floating Gate drive | 10 hational Rectifier IR 2110
Seal Lead-acid Battery | pyinity Battery 1232/ 1T 1.3- 12

3.5. Experimental Variable Resistor Synthesis under Suspension
Harmonic Excitations

In order to demonstrate resistor synthesis, the SMR was swept from minimum to
maximum resistances of R;,= 10 Q to 100 Q for a nominal of 20 (sec) duration at a fixed
vibration amplitude of Y=5 mm and frequency of /= 5 Hz as shown in Figure 3-24 (a). As
depicted in in Figure 3-24 (b), the regenerative mechanism (i.e. ball-screw/ DC machine) presents
nonlinearity through EMF v,,, when over-damped with R;,, = 10 Q. Recalling Table 2-4, the
damping coefficients are swept from 2.3 kNs/m to 420 Ns/m. The detailed instantaneous
waveforms v,,,, and i;,, depicted in Figure 3-24 (b) to (d), indicates not only high power factor but
also the variation of desired R;, through their corresponding amplitude ratios. In addition, since
Vemy 18 @ controlled voltage source (VCVS), it means that varying values of R;, leads to amplitude

change of v, (through relative velocity), which indicates the change of sprung mass dynamic.

To demonstrate variations of the suspension dynamic with respect to variations of R;, the
suspension relative displacement is depicted in Figure 3-25. Again, since increasing R;,
corresponds to reducing equivalent damping force. As a result, the suspension relative

displacement increases.
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Figure 3-24: (a) Desired resistor synthesis sweep from R;,= 10 to 100 Q. (b) Detailed
instantaneous R;, variation from R;,= 10 to 30 Q, (c¢) 30 to 50 Q and (d) 50 to 100 Q at fixed
vibration amplitude of Y=5 mm and frequency of /= 5 Hz.
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Figure 3-25: (a) Variation of suspension relative displacement as a result of desired resistor
synthesis sweep. Detailed instantaneous relative displacement variation from (b) R;,= 10 to 30 Q,
(c) 30 to 50 Q and (d) 50 to 100 Q.

66



3.6. Vibrational Frequency Sweep with Fixed Excitation
Amplitude and Synthesized Resistance

3.6.1. Regeneration Mode

In this case, the synthesized resistor R;, is arbitrarily chosen as 10 Q. Referring to Figure
3-26 the suspension prototype is excited from 5 to 10 Hz incrementing at the rate of 0.1 (Hz/sec)
for 50 (sec). It should be noted that the swept-sine excitation incrementally sweeps the single-
tone input frequency (applied to the base excited suspension system). For this type of experiment,
a nominal stop frequency, which indicates the end of single-tone sweep, has to be selected.
Assuming the wavelength of an ideal sinusoidal road profile is 2.5 (m), thus the range of 5 to 10

Hz excitation frequencies corresponds to vehicle travelling at 45 to 90 km/hr.

Referring to Figure 3-26 (b) and (c), over the frequency of interest, average input current
imavg 15 Observed to be in- phase (i.e. high power factor, PF= 1) with v;, while maintaining the
corresponding amplitude ratio. Thus, the converter is able to provide desired damping in the
electrical domain by harvesting real power from the regenerative vehicle suspension, which is in
the mechanical domain. In this experiment, the average power regenerated over f= 5- 10 Hz in 50

(sec) duration are calculated as 1.73 Watts.

Excitation: 5mm

[

B T B T H T B T H T B T H T B T
S S O T N S0 0 L Tt PO TS
: Frrmin
=0 i 0
= Slarlg..,, .... B S o o bl _ | ‘ | ‘ i I 1 S
pHz: @ : oHz: ¢ @ T ¢ 8Hz ; WL&J‘MHM L Ll it
e o e e e i TN
0 5 10 15 20 25 30 35 40 45 50
5 10
0

67



Figure 3-26: (a) Motor back EMF and current waveforms synthesizing R;,= 10 Q by sweeping
excitation frequencies from 5 to 10 Hz in 50 seconds (i.e. 0.1 Hz/ sec) with Smm excitation
amplitude. (b) Detailed instantaneous waveform indicating R;,= 10 Q at vibration frequency = 7.4
Hz and (c) = 9.7 Hz.

3.6.2. Motoring Mode

While the SMR is operating in motoring mode, it synthesizes negative resistor (R;< 0 Q).
Again, operations in motoring mode require draining of battery energy. This corresponds to the
generation of negative damping in the electrical domain of the suspension system. In this case, R,
is arbitrarily chosen as -100 €. Referring to Figure 3-27 (a) to (c), over the frequency of interest,
the average input current i;,, is observed to be out of phase (i.e. PF= -1) with v, while
maintaining the corresponding amplitude ratio. In addition, to observe battery drainage, the
battery current ipc is also depicted along with EMF voltage v, and converter current #;,. As seen
in Figure 3-28 (a) at roughly 2.5 (sec), the base initiates ground vibration at approximately 2.5
(Hz) and 5mm, the converter current is controlled to suffice R;,= -100 Q with respect to EMF

voltage. At this time, the negative battery current clearly starts, which indicates drainage.

Excitation: Smm
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Figure 3-27: (a) Motor back EMF and current waveforms synthesizing R;,= -100 Q by sweeping
excitation frequencies from 5 to 10 Hz in 50 seconds (i.e. 0.1 Hz/ sec) with Smm excitation
amplitude. (b) Detailed instantaneous waveform indicating R;,= -100 € at vibration frequencies ~
7 Hz and (¢) ~ 9 Hz.
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Figure 3-28: (a) Transients of Motor back EMF and current waveforms synthesizing R;,= -100 Q.
(b) Negative battery current indicating converter is placed in motoring mode.

3.6.3. Mechatronic System Conversion Efficiency

The power flow of the proposed mechatronic system is displayed in Figure 3-29. The
analysis can be divided into mechanical (i.e. road excitation/ suspension system) and electrical
domains (i.e. AC/DC converters/ battery packs). The overall efficiency of power regeneration 7 is
defined in (3-17) as the product of mechanical effiency 7,, generator efficiency #., and AC/DC

rectifier efficiency #4¢c/pc

(3-17)
=1, 4c/pc
where 7, 1s the overall efficiency of the electro- magnetic suspension. The instantaneous power,
provided by road force, supplies to the system (P,;) is equal to the sum of instantaneous power
dissipated by physical friction (P), absorbed by the DC machine (P.), and required to build up
sprung-mass oscillation (P;). This means that, only the power absorbed by the electrical damping

contributes to the power regeneration; therefore, the mechanical efficiency can be defined as
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P P (3-18)

C

P, P+P+P

c

o

s

The instantaneous available power provided by the DC machine represents the total power

transferred to the electrical domain is defined as

3-19
I)c :v'z (R +Rload )71 . ( )

in nt

The instantaneous harvestable power, which represents the power transferred to the attached

power converter, can be written as

F,=FPR,, (Rint + R )71 . (3-20)

The electrical efficiency #, degradation by the motor winding and other losses in the AC/DC

converter can be derived as

- (3-21)
N. =Ry, (Rint + Ry ) 1 .

Mechanical domain Electrical domain
1

I I I
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I :: Pl ¥ ; I
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Mechanical
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Road
Excitation

AC/DC

Converter Load Batteries

Figure 3-29: Mechatronic systems power flow.
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Figure 3-30: Theoretical electrical efficiency #, and generated (harvestable) power P, with
various DC motor internal resistors R;, and synthesized resistors R;, assuming EMF voltage
equals to 10 sin(10xf). Note: The plot only depicted maximum R;,= 30 Q
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Figure 3-31: Instantaneous (a) SMR power conversion efficiency #,cpc and (b) electrical domain
efficiency #, over the swept frequencies synthesizing R;,= 10 Q.

Referring to Figure 3-30, the nominal P, and 7, are calculated for every value of R, and R;,.

Different R;, represents power dissipated by different types of DC brushed machine. As
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indicated, motors with low winding losses (assuming motor coil losses and power losses in the
AC/DC converter are lumped together) are preferred for vibrational energy harvesting and
variable equivalent damping provision, since assuming equal R,,, lower values of R;, offers
higher P, and #.. In other words, highly efficient motors with lower values of R,, are able to
achieve the same P, at a higher motor efficiency #.. To exemplify, the experimental results of
nacoc and 7, are presented. While regeneration from regenerative suspension with R;,= 10 Q the
SMR power conversion efficiency #4cpc, swept over an extended range of vibrational
frequencies, is documented in Figure 3-31 (a). The highest efficiency #4cpc~ 95% is obtained. In
addition, the experimental #,, over the same range of vibrational frequencies, is shown in Figure
3-31 (b). The highest 5, obtained = 45%, which is expected since the SMR is synthesizing R;,= 10
Q through a DC generator (maxon 218011, Graphite Brushed DC motor and planetary gearhead
GP52C 223083) with R;,~ 10 Q.

N Nacoe Conversion efficiency Nme
0.27 0.95 | | 0.30
0.25 0.93 0.28
0.23 0.91 0.26
0.21 0.89 0.24
0.19 0.87 0.22
0.17 0.85 ‘ ‘ ‘ ‘ 0.20

10 20 30 40 50
Rin (Q)

2.28 1.14 0.76
¢, (kNs/m)

Figure 3-32: Overall experimental efficiencies # and conversion efficiencies of both power
converter 774¢c,pc and electromagnetic suspension 7, with respect to various synthesized
resistances R;, and corresponding damping coefficient c,.

In this work, while regeneration from suspension prototype with various values of R;,, conversion
efficiencies are obtained as displayed in Figure 3-32. Referring to (3-17) the overall experimental

efficiencies obtained for R;,= 10, 30, and 50 Q are n = 18 %, 25 %, and 25.2 %, respectively.
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3.7. Experimental Variable Resistor Synthesis under ISO
Standard Excitations

To verify the performance of SMR while placed under ISO road profiles the suspension
prototype is exited according to the generated ISO class C and D road profiles as shown in Figure
3-33. As expected, since higher road classes indicate higher PSD, the excitation amplitude across
a nominal time range (i.e. 30 seconds) is higher. In order to enlarge the region of resistance
synthesis the SMR is swept from minimum to maximum resistances of 10 Q (damping coefficient
¢~ 2.28 kNs/m) to 100 Q (c,= 0.41 kNs/m) in 30 (sec) using ISO standard road profile (class C)
as shown in Figure 3-34 (a). The detailed instantaneous waveforms of v, and i;, depicted in Figure
3-34 (b) to (e) demonstrate high power factor with the variations of desired R;, through
corresponding amplitude ratios. For detailed instantaneous performance of the SMR, a video was
posted to demonstrate the experimental sweep of the resistor synthesis on dSPACE ControlDesk
[85]. Similarly, the resistance sweep is also performed for class D road class as shown in Figure
3-35. Compared to class C the EMF voltage is higher due to larger excitation amplitude (and
higher frequency components), which leads to higher converter current (for the same value of

synthesized resistor).

ISO 8608 class C and D logitudal profile (mm)

50
0
509 5 0 i3 20 75 0
Time (sec)

Figure 3-33: ISO 8608 class C (blue) and D (red) excitation profile travelling at 25 km/hr.
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Figure 3-34: (a) Variable resistance sweep from 10 to 100 Q. (b) Detailed corresponding line
current i;, and voltage v.,, for synthesizing R;,= 10 Q, (¢) R;,= 30 Q, (d) R;,= 50 Q, and (e) R;=
100€Q2 with class C road roughness and vehicle speed = 25 km/hr.
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Figure 3-35(a) Variable resistance sweep from 10 to 100 Q. Detailed corresponding line current
i;, and voltage vemf for synthesizing (b) R;,= 10 Q, (c) R;, = 50 Q, (d) R;, = 100 Q with class D
road roughness and vehicle speed = 25 km/hr.

By referring to Figure 3-36 the detailed inverter voltage v. and rectified current ipc with respect to
EMF voltage and reference converter current is observed. In this case, a nominal R;,= 20 Q is
synthesized. As indicated in both Figure 3-9 and Figure 3-16, the switching modes vary from

Mode 1- 3 depending on the location of error current i, within the pre-defined error- band.

10 Ve

0 t I l
10 ‘ - L
1 ‘ : : ‘ " : : : :
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P SR A L),

1 C

0

| | | | | | | | | (d)
10 11 12 13 14 15 16 17 18 19 20
(sec)

Figure 3-36: (a) Back EMF, (b) converter current for synthesizing R;,= 20 Q, (c) controlled
inverter voltage, and (d) harvested current with class D road roughness at vehicle speed = 50
km/hr.

In addition, the SMR also operates in bi- directional power flow. This can be verified by

observing inverter voltage vpe, Vews i, and rectified current ipc in Figure 3-37. In this work, the
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transition from regeneration mode to motoring mode takes places at nominal = 7 (sec)
synthesizing R;,= 50 Q to -50 Q. Referring to both amplitude and phase relationships of v, and i;,

the bi- directional power flow of the SMR is verified. This is also confirmed by direction of ipc.

10 : Yery :
S ey e ARSI S P Ay g g
10 | .
0.2 : U .
< ¢ !
-0.2 R;,=50Q i R,-:,: -50 Q .
0.1 : dus :
g 0 Motoring mode
o1 Regnerating mode | I“ vy ”' . | l“ I l’ 'l [
6.5 7 (sec) 7.5 8

Figure 3-37: Transitioning of bi- directional SMR from regeneration to motoring mode by
observing (a) line voltage (b) input current, and (¢) rectified current. Note: the nominal start time
of 6.5 (sec) is the timestamp of initial real-time data acquisition.

3.7.1. Average Harvested Power/ Energy

To indicate average harvested power similar procedure is utilized, as depicted in Figure
3-38, with R;,= 10 Q, 30 Q, 50 Q, and 100 Q for both cases of ISO 8608 road roughness class C
and D (i.e. G= 16 and 64 um’/ cycle). The instantancous harvested power P, (z-axis)
synthesizing various R;, (x axis), captured for 30 (sec) durations (y axis), for both road classes are
depicted in Figure 3-38. In order to observe maximum power transfer the averaged P;, and total
harvested energy (in an hour) are tabulated in Table 3-4 and Table 3-5, respectively. In this case,
averaged harvested power P, indicates maximum power transfer takes place at R;,,= 10 Q, which
is approximately the equivalent resistor of the adopted DC machine coil. It is noted, there are

tradeoffs between power regeneration and conversion efficiency for various R;, under a fixed Ry,.
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Figure 3-38 Instantaneous power (watts) harvested by actuating Q- car suspension with road

roughness of (a) class C and (b) D.

Table 3-4: Average harvested power (mW) various R;, under class C and D roughness.

Rin

Class

10 Q

30Q

50 Q

100 Q

C

150

130

65

43

D

400

320

250

147
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Table 3-5: Total estimated energy harvested (in Watt- hour) with R;, = 10 and 50 Q under ISO

class C and D roughness.

Rin
Class 10 Q 50 Q
C 18 5.1
D 48 30

3.8. Regenerative Semi-Active Control using SMR

In this work, we proposed a mechatronic suspension system with capabilities of energy
regeneration and sky-hook (SK) control incorporated into the mechanism [100]. The system
overcomes the tradeoffs between energy consumption and ride handling/comfort in an active
(semi-active) suspension system. Central to the concept is development of a coupled switched-
mode rectifier (SMR) capable of providing either a positive or negative damping ratio by
alternating between regenerative and motoring modes. Using the implemented circuit, an active
sky-hook control strategy is utilized to offer continuous variable damping force that improves the
vibration isolation significantly. Simulation results demonstrated the directions of power flow in
both regeneration and motoring modes, through a current controller, to verify performance of the
SMR. Experimental results demonstrated both time and frequency response of the regenerative
suspension prototype in terms of power regeneration, sprung mass absolute acceleration, and
relative displacement. In addition, both theoretical and experimental power conversion

efficiencies in various segments of the mechatronic suspension are analyzed and reported.

To this end, various works have proposed semi-active control scheme that can maintain
the reliability of passive control using an acceptable amount of energy [101]- [107]. Semi-active
control strategies utilizing innovative magnetorheological (MR) fluid damper designs have been
proposed by several researchers (see e.g. [101]- [107]). In addition, the R-S control method
implemented to minimize the damping force when the spring force and damping force have the
same direction is proposed in [108]. The experimental results of three semi-active control
methods, (i.e. limited relative displacement, modified R-S, and modified sky-hook) verified in
terms of tradeoffs between vehicle handling and passenger comfort, are reported in [109].
Although the “on-off” semi-active methods are efficient in suspension control, they result in

uncomfortable jumps when switching between on and off modes. Hence, there would be a
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sacrifice in the control performance when compared with the continuously variable type. In
[110]- [111], a modified Skyhook fuzzy controller in the design of a semi-active suspension
system for a Cadillac SRX 2005 is demonstrated with road tests results. Their real-time
experiments confirmed that the use of this design method reduces the required time and effort in

real industrial problems.

In addition to various approaches of suspension control, power regeneration from vehicle
suspension, through an electromagnetic device, has become extremely popular (e.g. [112]-[114]).
The common drawbacks of the mechatronic systems discussed previously is the consumption of
electrical power (DC current required for MR damper) while generating corresponding forces for
purposes of better handling/ comfort. For example, the approach taken in semi- active control
implementation in [109] supplied various level of DC current to the MR damper for achieving
variable levels of damping forces. On the contrary, the proposed method is capable of selectively
apply variable damping forces while regenerate the damped power according to the adopted semi-

active control algorithm.

The damping force, with respect to relative velocity Z, for a 1-DOF system with a

Skyhook damper can be written as

=c z (3-22)

F -

sky

Using a semi-active damper, the Skyhook damping force must be realized in terms of the relative

Velocityi Therefore, the conventional semi-active Skyhook control algorithm is given by [109]-

[110]

o €y 2]i2 >0 (3.23)
oz <0 i

where the presence (on)/ absence (off) of damping force Fy, is required according to the signed
product of relative and absolute velocity. As for the proposed active Skyhook control strategy, the
damper can supply a negative force from a negative damping ratio—cgy,,. In this case, the active

Skyhook control algorithm can be written as
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F

sky

c.Z21x220
={ s (3-24)

—cskyz|xz< 0

Recalling (3-24), in order to implement the control algorithm in the electrical- domain, by the

SMR, the converter current should be controlled to the following reference current

iref = (kekg )(Rint + Rload )71 dﬁlz|xz 2 0 (3‘25)
iy =—(kk, ) (R + Ry ) d 2|32 <0. (3-26)
i, =0/iz<0. (3-27)

When 32 <0, i, is determined by (3-26)- (3-27) for either better vehicle control or power
harvesting, respectively. This is due to negative direction of current results in power consumption
of the load batteries, by recalling section 3.2. The detailed analysis of the current controller is

presented in the following sections.

3.8.1. Simulation Results

The simulation of the regenerative suspension system, connected to SMR, is performed in
MATLAB/SIMULINK/Simscape/SymPowerSystem environment. The values of the main
parameters for the quarter-car suspension prototype and DC motor (based on maxon 218011,
Graphite Brushed DC motor and planetary gearhead GP52C 223083) are the following. m= 5.4
kg, m;~= 0.257 kg, k= 7.3 kN/m, ¢/~ 100 N- sec/ m, k.=k~ 0.1 (V- sec/rad, N- m/A), k.= 10, J,=
101e” kg- m*, J,= 1.2¢*kg- m* Jo= 9.1¢” kg- m*, d=I/2n= 0.0095 mm/rev (based on THK ball-
screw KX-10), R= 10Q, and L= 2.62mH. The values of SMR and DB- HCC are R,= 1mQ, L=
ImH, Vpec =20V, small error- band = 0.2 A, and large error- band = 0.3 A.
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The simulated waveforms, in Figure 3-39 (a), indicate the behavior of line (EMF) voltage
Vi, 1y and i, assuming the regenerative suspension is under single-tone harmonic excitation.
According to the sky-hook detection outcome, shown in Figure 3-39 (c), SMR presents positive
or negative damping according to the polarity of sign(vi,). Moreover, as observed, i;, is
regulated within the error-band to i,.,, , which is determined by v;, and its polarity varies with
respect to the sky-hook detection outcome. Figure 3-39 (b) indicates more detailed current
waveforms of i;, and i,.. It is observed that before entering the motoring mode, the small-band
state loses regulation and returns to the large-band state. Once entered in the motoring mode (i.e.
sign(viyii)< 0), both waveforms are out-of-phase with v;,. On the contrary, when placed in the

regeneration mode, both waveforms are in-phase with v;,.

g 107 ee(b 2 50
gn 0\ 10 %
S-100 (a)-22
2 inr(green) |
) motoring fin (blue)

&

regenerating

v

v,;c polarity reversal
-2r (small band lost regulation)

Current (A)

!

Skyhook detection outcome

1
0_ -
-1r ' ' —motoring (c)
0 0.1 0.2 0.3 0.4 0.5 0.6

Time (sec)
Figure 3-39: (a) Line (EMF) voltage v;,, current i;,, and reference current i,.. (b) Detailed
depiction of i;, and i,.sindicating motoring and regeneration modes operation, by (c) Sky- hook

detection outcome.

To verify the DB-HCC control law state diagram, Figure 3-40 (a) simulates the behavior of i, and
rectified current, which stores energy into the battery. The detailed switching waveforms are
shown in Figure 3-40 (b), where the SMR enters the motoring mode from regeneration mode. In
this case while operating in regeneration mode, both sign(v;,)> 0 and sign(v;,i;,)> 0, therefore,

SMR alternates between Mode 1 and 2 as shown previously in Figure 3-9. After entering the
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Motoring mode, where sign(v;,)< 0 and sign(v;i;,)< 0, the alternation between Mode 3 and 4

takes place.

WO |
T 5| g+~ Rectified current ipc (red) ‘
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= | | | |
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| | | | @)
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2 |
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-1 | oo Mode 3 (Motoring) |
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Figure 3-40: (a) Rectified current ipc and line current i;, in both motoring and regeneration

modes. (b) Corresponding detailed switching waveforms.

Skyhook detection outcome
I I I

—
444:4444*
P

03 035 04 045 05 055 06
Time (sec)

Figure 3-41: (a) Sky-hook detection outcome. (b) Instantaneous input power. (¢) Instantaneous

output power in motoring and regeneration modes.
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According to the sky-hook detection outcome in Figure 3-41 (a), both input and output power
shown in Figure 3-41 (b) and Figure 3-41 (c), respectively, indicate regeneration and motoring
modes taking place according to their instantaneous polarities. Again, synthesizing negative
damping, implies transferring negative source power. Therefore, in the motoring mode the power
is transferred from battery to source. Thus, energy harvesting is achieved in regeneration mode,

while the stored energy is used to supply the power required in the motoring mode.

3.8.2. Experimental Skyhook Detection

According to the experimental configuration of the mechatronic system, shown in Figure
3-42, the converter prototype is coupled to the 1-DOF base excited regenerative suspension
system fabricated by Intelligent Vehicles Lab at Simon Fraser University. As depicted, the source
and load of a bi- directional SMR, controlled by double band hysteresis current control (DB-
HCC), is coupled to terminals of DC generator/ motor, Graphite Brushed DC motor and planetary
gearhead and a rechargeable battery. As previously described in (3-23)- (3-25), since the SK
control method requires either presence or absence of damping forces according to the product of
absolute and relative sprung mass velocity. Identically, to realize such performance in the
electrical domain the connected power converter is required to present constant R;,, -R;, or “open
circuit” (i.e. i,,,= 0 A) to the motor terminal. In this work, to maximize power regeneration, the

SMR is we designated to only remain in regeneration mode. Meaning, the reference current i,
derived from motor EMF v,,,; switches between i,,,= 0 A and i,o= Vens/(Rin+R;n). When xz<0
(i.e. i,= 0 A) the power generated by DC generator/ motor is equivalently disconnected to the
electrical domain. When X2 ZO(i.e. Iref = Vemy/(RinrtR:), since the SMR synthesizes a variable

resistor, real power generated by the DC generator/ motor is then harvested into a load battery.

To verify the efficacy of the regenerative Skyhook algorithm, the electromagnetic
suspension, shown in Figure 3-43 (a), is placed under swept sine excitation, by a MTS 248
hydraulic actuator, over an extended range of vibrational frequencies. In this work, the suspension
is excited from 2- 9 Hz by fixed amplitude of 5Smm at the rate of 0.2 (Hz/ sec) for 35 (sec), as
depicted in Figure 3-43 (a). The resulting harvested power, sprung mass absolute velocity, and

relative velocity for R;,= 10 Q are demonstrated in Figure 3-43 (b) and (c), respectively.
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Figure 3-42: Experimental setup of regenerative suspension with active Skyhook control.

The SK detection is determined by both relative . and absolute velocity?, filtered by 2™
order low- pass filter with cut- off frequencies of 2 kHz. To closely exam the Skyhook detection
outcome a portion of waveforms in Figure 3-43 have been enlarged and placed in Figure 3-44. As
expected, both (in Figure 3-44 (a)) and (in Figure 3-44 (b)) oscillate at excitation frequency (f).
As a result, taking the product of both waveforms (in Figure 3-44 (c)) the Sky-hook detection
outcome (in Figure 3-44 (d)) switches at roughly 2/, which is much lower than f;,. According to
active Skyhook control strategy described above, reference current i,,,commands the SMR for the
presence/ absence of mechanical damping. When presence of damping is demanded the SMR
synthesizes load resistor R;,= 10 Q. On the contrary, when absence of damping is required the
SMR synthesizes “open -circuit” between generator terminal, which reduces i;, to 0 (A). Again,
the resulting gating signals are generated by DB- HCC, which regulates the error current signal

within the pre- determined bands.
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Figure 3-43: (a) Swept- sine excitation profile from 2- 9 Hz ( at 0.2 Hz/ sec) in 35 (sec) with Y-

Smm. (b) Instantaneous harvested power, (c) absolute velocity, and relative velocity as a result of
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Figure 3-44: (a) Detailed absolute velocity, (b) relative velocity, (c) the corresponding product

and (d) its’ SK detection outcome at f~ 7 Hz

&5



3.8.3. Instantaneous Regenerative Semi-active Control

With the SK detection outcome, the error current (i.e. A= |i;,-i.]) is passed to the
controller for generating desired gating signals. As a result, referring to instantaneous i;, and v,
during a nominal duration in Figure 3-45 (a) and (b), it is observed the terminal current i;, can be
controlled to synthesize either constant resistor (e.g. R;, = 50 Q) or “open - circuit” as required by
the detection outcome. This means that, an equivalent continuous variable damping force is
provided by controlling the SMR. Furthermore, instantanecous harvested power is also
demonstrated in Figure 3-46. As observed, the electromagnetic suspension regenerates power
when the SK detection outcome demands presence of damping force. Thus, power regeneration is
achieved while simultaneously apply the adopted control method. In addition, the comparison of
transient responses (see base excitation transients in Figure 3-47(a)), between constant damping
and Skyhook-type damping for R;,,= 50 Q, with respect to suspension relative displacement and
sprung mass acceleration are also depicted in Figure 3-47 (b) - (c). Similar to Figure 3-43, the
transients are captured before the arrival of steady-state response. The constant damping approach
is achieved by continuously applying R;,= 50 Q to the suspension system by the SMR. The
Skyhook type damping follows the same principle while integrating the detection outcome, by
(3-23). As observed, both acceleration and relative displacement amplitudes are smaller in

Skyhook type damping approach.

Skyhook detection
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Figure 3-45: (a) Converter current i;, (b) and EMF voltage for R;,= 50 Q synthesis according to
SK detection outcome at f~ 7 Hz. Note: Examples of presence and absence of damping are
indicated by “on” and “off”.

Harvested Power
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Figure 3-46: Instantaneous harvested power for R;,= 50 Q synthesis according to SK detection
outcome.
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Figure 3-47: (a) Transients of base excitation profile. Comparison of (b) absolute acceleration and
(c) relative displacement transients between synthesized Skyhook control and constant damping.
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3.8.4. Experimental Frequency Response with Regenerative Automotive
Suspension

To assess suspension dynamic performance in terms of vehicle handling and passenger
comfort and harvested power, various values of R;, are chosen for active SK control. Again, the
electromagnetic suspension is excited by profiles shown in Figure 3-43 (a). The results obtained
by SMR synthesizing R;,= 10, 50, 100 Q are presented as well as R;,= o0 and 0 Q for minimum
and maximum equivalent damping are included for comparisons. In this work, R;,= o0 and 0 Q are
realized by opening and shorting the motor terminals during the entire experiment, therefore, no

power harvesting can take place.

A
Arns = \/(fe ONER (3-28)
Js
., fe
Moms = \/(fg AN (3-29)
fs
B N
B =(f.-f)" | Rdrf (3-30)
I

As indicated in (3-28) and (3-29), the vehicle handling (or suspension workspace limit)
and passenger comfort are measured by the RMS of suspension relative displacement
transmissibility 7,,,; and sprung mass acceleration 4,,,; over the excited spectrum (i.e. f= f; to f;),
respectively. In addition, according to (3-30), the average harvested power P, is also assed for
maximum power charging. Referring to frequency responses in Figure 3-48 and normalized RMS
values tabulated in Table 3-6 it is realized R;,= 0 Q offers the best vehicle handling with worst
passenger comfort while R;, = oo € indicates the opposite outcome; when coupling SMR to the
regenerative suspension prototype R;, = 100 Q delivers the best overall handling/ comfort while

R;,= 10 Q scavenges the maximum amount of vibrational power.
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Figure 3-48: Frequency response of absolute acceleration 4 (c) relative displacement
transmissibility # and (d) harvested power P, of regenerative Skyhook control algorithm for
various values of synthesized R;,

Table 3-6 Normalized RMS of acceleration and relative displacement and average harvested
power obtained with different values of R;,

Rin () | Mo/ Noan | Mo/ M | B Py s
0 0.24 1 n/a
10 0.47 0.90 1
50 0.79 0.68 0.39
100 0.86 0.63 0.25
o0 1 0.59 n/a
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3.9. Chapter Summary

In this chapter, the concept of using a bi-directional switched-mode rectifier (SMR) for
synthesizing variable electrical damping is demonstrated in both simulations and experimental
environments. To exemplify energy harvesting capabilities, the SMR is placed under both swept-
sine and ISO standard road profiles for demonstrating the current controller regulating the SMR
current according to both sinusoidal and stochastic DC machine EMF, respectively. It is noted,
the hysteresis current controller is able to accurately synthesize desired resistors (i.e. regulating
converter current) according to line voltage (both amplitudes and frequencies) that is unknown a-
priori. In addition, the integration of semi- active control and energy harvesting is denoted. It is
demonstrated, through both time and frequency responses, double- band hysteresis current
controller (DB- HCC) is able to selectively synthesize positive (i.e. regenerating mode), negative
(i.e. motoring mode), or zero (i.e. equvilent open circuit) equivalent dampings according to the
Skyhook detection outcome, which shows that the SMR, controlled by HCC, can indeed attain

suspension semi- active control and road energy harvesting simulatanoeusly.
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Chapter 4.

Bridgeless AC/DC Converter for Synthesizing Variable
Damping

In this Chapter, a new switched-mode bridgeless AC/DC converter, operating in the
discontinuous conduction mode (DCM), is presented. The converter topology consists of
common source MOSFETs allows for direct AC/DC conversion, minimum auxiliary circuits and
simple gating patterns, when compared to other AC/DC converters proposed in the literature. The
circuit operation is analyzed and shown that the converter-battery topology can operate as a
synthesized variable resistor with a regenerative functionality. The converter is integrated with a
small-scaled proof-of-concept automotive suspension prototype for regeneration vibrational
energy into battery charge. Experimental results of the proposed converter operation when
connected to a regenerative suspension prototype for variable damping synthesis and energy
harvesting are demonstrated. Moreover, power conversion efficiency of the entire mechatronic is

also included.

The proposed converter can function as a sensorless (i.e. as in open-loop) variable
synthesized resistor for battery charging, which can be connected to an irregular line voltage
induced in a seismic environment. Furthermore, the circuit is capable of powering a DC load with
a fixed voltage rating through voltage mode control (VMC). Due to nature of sensorless based,
the proposed converter is able to synthesize variable resistor even at low step-up ratio (between
line and load voltage) in DCM operation comparing to [115], which leads to smaller (lower

power consumption assuming same power level applications) auxiliary circuit foot-print.
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The circuit is designed for applications in low-power energy harvesting; for example, it
regenerates energy from a vibrational power source by providing variable electrical damping.
Synthesizing electrical damping is similar to achieving unity power factor between the line
voltage and current (e.g., [115]-[118]) for maximum available power transfer. The proposed
topology is a modified buck-boost AC/DC converter without line diodes in a full-bridge
configuration. Avoiding line diodes and having simple gating pattern would enable it to operate
with lower standby power loss and simpler control method compared to conventional
synchronous and two-stage AC/DC topologies [56]-[59], designed for similar power level
operations. Moreover, due to its simple control method, the requirement of auxiliary components
is minimized resulting in a more compact converter layout, making it ideal to integrate/ retrofit

with a vehicles suspension.

4.1. Comparison of Energy Harvesting Circuit Topologies

Recalling Section 2.3, the aforementioned works have contributed to the development of
power converters for energy harvesting applications with certain drawbacks specifically for two-
stage AC/DC converter configurations. The forward voltage drops in the full- wave rectifying
diodes result in conduction power losses and efficiency degradation. To alleviate this problem,
either a low conduction loss bridge rectifier or a synchronous rectifier type topology can be
utilized. However, there are certain drawbacks in using these alternatives. For example, integrated
bridge rectifiers are also limited by the magnitude of forward voltage drop and the continuous
current conduction level. For example, HD04-T from Diodes Incorporated operates below
maximum continuous current of 0.8 A, which is insufficient for large- scale harvesting.
Furthermore, the power dissipation of the high-side gate driver IC for driving the n-MOSFETs in
a back-end DC/DC converter (e.g. buck or buck- boost) severely reduces the power conversion
efficiency [56]-[58], [59]. Alternatively, synchronous topologies can be adopted, however, it
requires complex gating pattern with extra auxiliary circuitry for floating type gate drivers, which

also results in extra power consumption.

The qualitative comparisons of the proposed converter with that of previously proposed

topologies are indicated in Table 4-1. Numerous merits, including efficiency, power part counts,
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gate drives design, sensed signals, are tabulated. The two- stage topologies, implemented for
pizeo-based application [56]-[58], [59], generally bears low efficiency due to its low available
power level and rectification conduction loss in the AC/DC segment. The two-switch
synchronous boost topologies [72] appeared with the lowest part counts and conduction loss due
to absence of rectifying diode. The conversion efficiency is claimed in the vicinities of 92%,
however, the power consumption and design of gate driver was not documented. A direct AC/DC
topologies implemented in [74] possess high part count due to additional load battery with similar
conduction loss to the proposed topology in this work. However, the switching modes and
analysis of the converter operation were not clearly illustrated. Instead, the application of the
converter, which is applying damping in a tuned- mass-spring- damper environment, is carried

out experimentally.

Table 4-1: Energy harvesting topologies comparisons

Conversion Converter Driver Operation Sensed
Converter Type _ _ ;
efficiency part counts design modes signals
Two-stage [56]-[58], [59] <50% High High side DCM Sensor-
(piezoelectric) less
Synchronous boost Line
rectifier [73] ~92% Low n/a DCM
. voltage
(electromagnetic)
Direct AC/DC [.74] n/a High n/a DCM n/a
(electromagnetic)
Switch- mode rectifier 0 High and Line
electromagnetic e ow side current
(el anetic) 90-93.5% Low ) 4 CCM
Proposed topology 87- 94% Medium | Lowside | DCM Sensor-
(electromagnetic) less

Similar to SMR, the proposed direct rectification topology also provides variable damping
(positive) to the connected dynamic system. In addition, it provides flexibility in gate drive
design, according to available power level of the seismic source, which the conventional SMR
topology does not offer. Moreover, the proposed topology allows simpler transition between
different switch- modes when connected to more realistic irregular voltage source. On the
contrary, SMR provides bi- directional power flow, meaning it is able to provide bipolar electrical

damping, while the proposed direct AC/DC converter is only capable of supplying positive

93



electrical damping. To illustrate the operation and benefit of the proposed converter the
comparisons, in terms of the various operating modes and input power, between direct AC/DC

and synchronous boost rectifier [72] are demonstrated.

4.2. Proposed Bridgeless Converter Topology

The proposed converter is shown in Figure 4-1 (a), which is a single stage direct AC/DC
buck-boost converter operating in DCM. The configuration is inspired by battery charging
circuits, where back-to-back MOSFETs are utilized for over-charge and over-discharge
protection [119]-[120]. In this converter, the common source configuration provides bi-
directional current conduction and blocking capabilities. The configuration is utilized to ensure
line voltage v;, is disconnected from inductor L during its discharging period in the entire line
cycle. The back-to-back configuration is placed intentionally to prevent undesired conduction via
the undesired path. For example, if SWy0s only consisted of a single MOSFET with its drain
connected to v;,, during negative line cycle, even if SWps is turned off, the body diode will still

be forward biased if v;, is higher than body diode forward voltage V7.
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Figure 4-1: (a) Proposed bi- directional bridgeless AC/DC converter. (b) Two- switch type

synchronous rectifier and (c) its’ gating pattern for DCM operation.

Compared to a synchronous boost converter operating in DCM, in Figure 4-1 (b), the main
advantages are as follows [72]. The conduction loss in power stage is the primary contributor of
power efficiency degradation in DCM operation. Thus the proposed converter avoids additional
conduction losses contributed by Rps,, of either SW; or SW, in synchronous boost converter (see
Figure 4-1(b)) during the inductor discharging period. Moreover, the synthesized input resistance
by the proposed converter is a function of time-independent variables (shown later). In addition,
the gating pattern of the proposed topology is extremely straightforward, where both n-MOSFETs
are gated simultaneously. On the contrary, either SW; or SW, is required to switch on for the
entire half line cycle, which leads to more a complex gating pattern with line polarity detection
(see Figure 4-1(c)) needed to realize such operation. In addition, the gate drive output is required
to remain logic high in order for SW, to form a closed-loop system. Therefore, during the
charging of L, the power dissipation/conduction losses are higher due to Rpg oy of SW,. The gating
pattern also leads to unequalled duty cycles and stress between both n-MOSFETSs and potentially

limits choosing the modulation carrier frequency and MOSFET’s safe operating area (SOA).
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4.3. Converter Analysis and Modelling

In this section, the switching waveforms of the proposed converter are assumed to be ideal,
including MOSFET switching dynamics, zero forward voltage drops across the diodes, and zero
series resistances for passive elements. Note that other than opposite current flow, in order to
facilitate simple gating pattern, the operation of the proposed topology is independent of line
polarity, meaning Modes 1 and 3, and Modes 2 and 4 are identical with opposite direction current

flows. The circuit has four modes of operation as described in the following.

4.3.1. Modes 1 and 3

The equivalent circuit with the current flow for Mode 1 and 3 is shown in Figure 4-2. To illustrate
the switching waveforms in different switching modes, line current 7;,, average line current 7, q,,
average output current i, .., diode current, inductor current i;, inductor voltage v, line voltage v;,
capacitor current, and duty cycle of SWy,s are shown in Figure 4-3. In Mode 1, SWjs is
switched on, with the top n- MOSFET operating in the forward conduction mode and the bottom
MOSFET in the reverse conduction mode. The charging of L will take place in Mode 1 since
Viboost= vVin> 0. Since both O, and O, are reverse biased, current does not flow into the load. The
same operation takes place in Mode 3, since negative line cycle imposes negative v, across L,

therefore, inducing reverse direction of i;, and i;.
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Figure 4-2: Mode 1/3 equivalent circuit.
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Figure 4-3: (a) Ideal theoretical switching waveforms in single line cycle and (b) switching

periods.
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4.3.2. Modes 2 and 4

In Mode 2, n-MOSFETs SW,0s are switched off to allow the energy stored in L to discharge into
the load, as depicted in Figure 4-4 (a). Since the total voltage across C;and C, is V,, the current
charges both C, and the battery, C; is discharged. In this mode, V; = v,- V, < 0; hence, the
rectifying diode O, is forward biased for the duration D,T; in order to charge the load and ensure
validity of volt-sec balance principle. After i, reaches zero, V, = 0 and the entire converter is
essentially switched off. The identical operation with reverse inductor current flow takes place in

Mode 4 as shown in Figure 4-4 (b).

o~ — —_> — [
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M .

I

1T+

(a) (b)
Figure 4-4: (a) Mode 2 and (b) Mode 4 equivalent circuits of bridgeless AC/DC converter.

4.3.3. Converter Synthesized Resistor

As mentioned previously, synthesizing variable resistors is equivalent to providing mechanical
damping in the electrical domain. In this case, the equivalent variable input resistance are defined
in terms of line voltage to both envelope and average input current as envelope input resistance
and average input resistance, respectively. Before deriving the expressions for input resistances
seen from the line terminal the average input power of the proposed converter is derived as the

following

T;

2 (4-1)
. 2 J in dt = OstzTL .2L71
m 7‘; o T N m

s

where Dy is the duty cycle, V,, is line voltage amplitude, E;, is converter input energy, 7; is line

voltage period, and 7, is switching period. According to (4-1) the input power of the proposed
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converter varies solely as a function of input voltage (assuming other parameters remain constant);

thus making it ideal for resistor synthesis.

Similarly, average input power of the synchronous boost converter, operating in DCM, is derived

as

(4-2)

z (2 sm@) B
P, g j d6 ~0.25V2DT.L"
2L7Z' in
0 1-—"sin@

o

where V, is load voltage and §=22T"'t. Note that the input power in (4-2) can only be

approximated, since the instantaneous term, Azjoﬂsin(ﬁ) (1 vy smH) d@~0.57 when

m

V<<V, is assumed as shown in Figure 4-5.
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Figure 4-5: Approximation of input power instantaneous term with respect to step-up ratio.

The comparisons of input powers for both converters in terms of squared duty ratios are depicted
in Figure 4-6. The values adopted are L= 1 mH, V;,= 3 (V), T,= 1 msec, V,= 24 (V). Comparing
(4-1) and (4-2), the input power of the proposed converter is solely a function of input voltage
(assuming other parameters remain constant); thus making it synonymous to that of physical
resistor and ideal for resistor synthesis. On the contrary, input power of the synchronous boost
converter is a function of V;, and V,, making the synthesized resistor nonlinear (when duty cycles

not properly tuned).
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Figure 4-6: Input power comparison of proposed AC/DC converter P;, and switch mode rectifier
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The average line current i, ., and rectified current i, ,,,, shown in Figure 4-3(a), are obtained as

follows

(4-3)
iin,avg = O'SvinDEIZ'l;l

4-4
i on VDLV @

From (4-3)-(4-4), it is observed that i;, ,,, oscillates with respect to 7; while i, ,,, 1s summation of
both DC and second harmonics (27;)" terms. In addition, to ensure DCM operation, the

maximum duty cycle of gating pulses is also derived as

Dy ax < Vo( 'I/o+2l/ij)_l. (4-5)

mn n

Combining (4-1)-(4-4), the average line resistance of the proposed converter (i.e., R;,) is defined

as follows
v 2L
R, =—"—= . (4-6)
in . 2
lin,avg DL];
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Referring to (4-6) , it is noted that R,, is solely a function of constant parameters. The envelope
input resistance is defined as the input voltage over the input current envelope. Since the

converter is operating in DCM, after D, 1/, the peak value of inductor current is given by
iy =V, D,TL". (4-7)

Therefore, the envelope input resistance can be written as

Rin ev T L *
N DLTS

(4-8)

From (4-8), it is noted that R, = 2DL71RZ,U,V , which is larger than the envelope input resistance by

more than a factor of two. This is expected since the converter operates in DCM.
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4.4. Simulation Results with Single Tone AC Source

4.4.1. Line Voltage, Line Current, and Filtered Line Current

Before demonstrating the experimental results the simulation studies to verify the
analytical results and performance of the proposed bridgeless converter were performed using
MATLAB SIMULINK/ SimPowerSystem toolbox and PSIM. The parameters, for DCM
operation, were chosen as follows: fixed inductor L= 1 mH, inductor rgsz= 370 mQ2, vibrational
frequency f= 10 Hz, switching frequency f;,,= 1 kHz>> f, line voltage amplitude V;,= 5 V, and
battery voltage V, = 15 V. Substituting into (4-5), Dy .= 0.6 is obtained for ensuring DCM
operation. Moreover, the physical components, shown in Table 3-3, were selected for switching

waveform and power efficiency simulations.
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Figure 4-7: (a) Simulated switching waveform of line voltage v;, (left x- axis), line current i;,
(right inner x- axis), and average line current i, .., (right outer x- axis), (b) Detailed switching
waveform of i;, (left x- axis) and i;, ., (right x- axis) during positive cycle with duty cycle D, =

50%.
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Substituting values of L, D;, and f;,, into (4-6) and (4-8), the average line resistance and envelope
resistance are obtained as R;,= 8 Q and R,, .,= 2 Q, respectively. The values can be verified by
taking the amplitude ratios between v;,, i;, and i;, ., as indicated in Figure 4-7. Note i;, g 1S

obtained by averaging i;, every switching interval.

4.4.2. Inductor and Rectifying Diode Current

According to the equivalent circuit in both Modes 1/4 and 2/3, the inductor L acts as a
current source by charging from line and discharging to load. Incorporating various conduction
losses during charging period (i.e. Modes 1/4) and discharging period (i.e. Mode 2/3), the input

and output voltages with respect to i;, and iy are approximated as follows

di 4-9)
Vin zL dt +lin(rDS',on +rESR)

di 4-10
v z2(LEL +i, e +VFj .

where rps,,= 0.7 Q, rgsg = 0.37 Q, Vi= 0.39 V are MOSFET on-time resistance, inductor
equivalent series resistance, and diode forward voltage drop. Substituting the adopted parameters
one would obtain i, = 2.5 A with D, = 50 %, f;,,= 1 kHz, L= 1 mH, V},= 5 V, which matches with
the simulated waveforms in Figure 4-8 (a). To verify i, in Figure 4-3 the detailed switching
waveforms from Mode 1 to 4 in both positive and negative line cycles are shown in Figure 4-8 (b)
and (c). Subsequently, the load current flowing through rectifying diodes O,, load capacitors C,,
C,, and battery are simulated as shown in Figure 4-9. As illustrated, during positive line cycle,
iop= lici[tlical, icrtico= OA, and the battery current is given by i,= ic,. The voltage across C; and
C,, shown in Figure 4-10, are charged/ discharged alternatively with respect to line cycle
polarities. The voltage across C; (i.e. v¢;) and C; (i.e. v¢y) sums up to V,, which is due to opposite

current flow during both discharging periods taking place in Mode- 2 and 4 as shown previously
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Figure 4-8: (a) Simulated switching waveform of line voltage v;,, inductor current i;. (b) Detailed
switching waveform during positive and (c) negative line cycle
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Figure 4-10: Capacitors voltage ripples.

4.4.3. Power Efficiency

Converter power efficiency can be calculated by measuring converter’s input and output
power. Detailed estimation of power efficiency is performed by calculating the power losses of
main converter components. The conduction/switching power losses of semiconductors and other
passive elements are estimated using PSIM as depicted by the schematic in Figure 4-11. The
thermal module allows including MOSFETs main parameters under various testing conditions
such as maximum drain—source voltage Vpg sy, maximum drain current /p yx, and switching
frequency. Pre-dominant parameters such as maximum reverse recovery voltage Vigy aaxs
maximum continuous forward current / y4y, and forward voltage V' can be included for diode
switching and conduction loss calculations. The power loss of passive elements can be

approximated by ESR. In addition, more detailed estimation can be performed by measuring the
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junction thermal resistance Ry and Ry, heat sink thermal resistance, and ambient

temperatures.

> ofondz)
T

Figure 4-11: Component power loss simulation in PSIM using thermal module.

The power efficiency is generally defined as follows:

(4-11)

where P,,, P, and P, are the output power, input power, and power losses contributed by

physical components of the power converter.

The simulated power efficiency, shown in Figure 4-12, is obtained by both methods
indicated in (4-11). The primary contributor of total power loss comes from rectifying diode
conduction loss [59]. The results, obtained in PSIM, are plotted with respect to synthesized
resistance. As depicted, both methods demonstrate highly correlated results. The highest
conversion efficiency of =~ 93% at R, = 22 Q is obtained in simulation. In addition, the
experimental power efficiencies (shown in dashed line) with R;, = 10, 30, 50 Q are arbitrarily

selected for experimental result presentation. The details are outlined in the following section.
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Figure 4-12: Simulated and experimental power efficiency with respect to various synthesized

resistances. Note: The experimental work (black dashed line) is outlined in later sections.

4.5. Experimental Results with Single Tone AC Source

In this experiment, a programmable AC source (61501 of Chroma Systems Solutions)
was utilized as a single-phase floating AC power source. Other components adopted are tabulated
in Table 4-2. To balance the tradeoff between MOSFET on-state resistance and gate charge,
considering the general figure of merit R pson) X O, , n-MOSFET array FDC 8602 by Fairchild
Semiconductor was selected. In general, higher R pson leads to higher conduction power loss,

while larger O, leads to larger switching loss due to longer turn- on and off times.

Table 4-2: Power components selected for switching waveform and power efficiency simulation.

Component Manufacture Part number

n- MOSFET

Fairchild Semiconductor FDC 8602

Power Inductor

Coilcraft PCV-2-105-02L
Electrolytic Capacitor Nichicon UVR1J682MRD
Schottky Diode Fairchild Semiconductor MBR0520
Seal Lead- acid Battery Infinity Battery 1232/1T 1.3- 12
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The oscilloscope waveforms of MOS gating signals, battery voltage V,, line voltage v;,, and
inductor currents i; are depicted in Figure 4-13. The waveforms were captured using MATLAB
Instrument Control Toolbox interfaced with Tektronix TPS oscilloscope with GPIB

communications. The record length for each scope channel is 2500 samples.

4.5.1. Current switching waveforms and Variable Resistor Synthesis

In this experiment, the following numerical values were measured/ adopted: L ~ 1 mH,
fo= 2 kHz, v;,= 2.5 sin (20xt), and V,= 12 (V). The PWM signal has a switching frequency of f;,
~ 2 kHz with D;= 0.2 as depicted in Figure 4-13 (a). The 12 (V) lead- acid battery voltages is
indicated in Figure 4-13 (b). The line voltage, fed by the programmable AC power source, is
shown in Figure 4-13 (¢). Figure 4-13 (d) indicates the voltage reading, by Linear Technology LT
1999-20 current transducer (CT), of the inductor current. Rearranging (4-8) and considering the

voltage gain of the current sensor (i.e. G= 2 A/V), inductor current is given by

o [ L ]‘(G)l (4-12)

DT

In this case, since the n-MOSFETS were gated with D,= 0.2 at f;,, = 2 kHz then i,;= 0.25 A, which
corresponds to 0.125 (V).

0 2500
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- coupled
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Gain: =2 A/V
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Sample size

Figure 4-13: (a) Gating pulses with D;-0.2 at f;,, = 2 kHz (b) load battery voltage (c) line voltage
(d) inductor current. Record Length: 2500 (points).

-0.2

The detailed switching waveforms of inductor current with corresponding gating pulses and line
cycles are shown in Figure 4-14. According to (4-12), with f;,, = 2 kHz, D;= 0.2, |V;,|= 2 (V), we
should obtain peak value of inductor current /, .. =+ 0.1 (V) and -0.1 (V) in both positive and
negative line cycles. As indicated, the switching waveform of i; cr ramps up/ down for charging/

discharging in both positive and negative line cycles. The non- idealities of ramp slope can be

shown by taking the KVL of the converter during on/ off durations of the MOSFETs as follows

di, . (4-13)
vin zL dt +lin (RDS,on +rESR)
di 4-14
v z2(L%+iLrESR +VFj (-19)
t

where Rps o is the n- MOSFET on- time resistor, inductor ESR is represented by rgg, the diode

forward voltage drop is shown as V.
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Figure 4-14: Switching waveform of (a)- (b) detailed gating signal with corresponding inductor

current iz cr(c)- (d) in both (e) positive and (f) negative line cycle with |V,|= 2 (V).

4.5.2. Variable Resistor Synthesis

Different values of the synthesized resistor R;, can be obtained by varying D; using (4-6).
In this experiment, the switching waveforms of input current i;, (i.e., inductor current during on-
time of n- MOSFETs), with D;= 0.2, 0.4, and 0.6, is shown in Figure 4-15. Again, referring to
(4-12) the voltage readings by CT should roughly correspond to 0.125 (V), 0.25 (V) and 0.375

(V), respectively.
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Figure 4-15: Oscilloscope waveforms of i;, for (a) D;= 0.2 (b) D;= 0.4, and (c) D;= 0.6. Filtered
waveforms of i;, for (d) D;= 0.2 (e) D;= 0.4, and (f) D;= 0.6.
To verify the synthesized resistor R;,, i;, is filtered (denoted by i;,4,) using with a second-order
low pass filter at a cutoff frequency of 500 Hz, shown in Figure 4-15 (d)- (f). Synthesized R;, can
be calculated by taking the amplitude ratio between v;, and i, .. In this experiment, we
nominally synthesize R;, = 100 Q (Figure 4-15 (d)), 25 Q (Figure 4-15 (e)), and 11 Q (Figure
4-15 (f)), which can be verified by substituting into (4-6), with D;= 0.2, 0.4, and 0.6, respectively.

4.5.3. Load Capacitor Voltage

As illustrated by equivalent circuits in Figure 4-4, the voltage across C; (i.e. v.;) and C,
(i.e. v.;) add up to V,, which is contributed by opposite current flow during both discharging
periods taking place in Mode 2 and 4, respectively. This implies that the capacitor voltage ripples
are 180 (deg) out of phase. The sum of instantaneous voltages across capacitors C; (i.e. v.;) and

C;(i.e. v.y) roughly equals to 12 (V), which is the rated voltage of the load battery.

The experimental voltages across capacitors C; and C, along with its detailed ripples v,.; and v,..,,

are shown in Figure 4-16 (a) and 10 (b), respectively. Considering the direction of inductor
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current i; in Figure 4-4, it is observed that when C, charges, C; will discharge and vice versa. The

amount of capacitor voltage ripples for both C, and C; can be approximated as follows

<
Q

<
Q

0.57,C, i,

0.5T.C, i, -

(4-15)
(4-16)

Due to mismatches in capacitor values and other non-idealities we can approximate v,,.; =V, .

|]§Oad capacitor voltage (DC coupled)

HE ()
| | | v,
10 1 o ¢ 1
it
Spr % ‘
|
oo Vel
- | | |
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| | |
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Figure 4-16: (a) Load capacitor voltages and (b) corresponding ripple voltages.
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4.6. Variable Synthesized Resistor with Fixed Excitation
Frequency

In this experiment, the suspension is excited by vibrational frequency of f= 5 Hz with
amplitude of Y= 5 mm. The sampling frequency of PWM is the same as aforementioned
experiments. The signal processing was implemented under MATLAB/SIMULINK RTW
environment and built to the target hardware. To accurately verify R;,, input current i;, is averaged
instantaneously in every switching period (denoted by ij,.,), in real-time on the dSPACE
controller board. The synthesized R;, is swept from 10 to 50 Q with increments of 20 Q.The
resulting converter current for the entire sweeping is depicted in Figure 4-17 (a). The detailed
depiction of current waveform for R;, = 10 Q is demonstrated in Figure 4-17 (b). Referring to
Figure 4-18 (a) both v;, (left y-axis) and i, (right y-axis), by exciting the regenerative
suspension for 15 sec, are documented for synthesizing R;,= 10, 30, 50 Q with D; = 45%, 26%,
20%, respectively. Both v;, and i, .., are filtered by a general 2" order low pass filter with a cut-

off frequency of 500 Hz.

Converter current (A)
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| i (a)
il
oS I
> |
~ I
ILRRL
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Figure 4-17: Converter current #;, from sweeping of synthesized R;,.
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Figure 4-18: (a) Sweeping of synthesized R;, with detailed instantaneous waveform of v;, VS. 7y e
indicating (b) R;, = 10 Q, (c) 30 Q, and (d) 50 Q.

As depicted in Figure 4-18 (b), (c) and (d), the average input current i;, ., 1S observed to be in-
phase (i.e., high power factor) with v;, while maintaining the corresponding amplitude ratio. Thus
the converter can provide the desired electrical damping by harvesting real power from the
regenerative vehicle suspension. The power conversion efficiency for different values of R;, are
displayed in Figure 4-19. Referring to (3-17) the overall experimental efficiencies for R;,= 10, 30,
50 Q are n = 88 %, 89 %, and 91 %, respectively.

e Conversion efficiency
095 ‘
0.93 O
Q.07 o e
089 1 ./.;;,/././..frif././.‘,‘,.,. U
qpffr,’.’f/.’j,—‘—,—”. D

0.87 P
0.85 . ‘ ‘ ‘

10 20 30 40 50

Rm (Q)
2.28 1.14 0.76
c. (kNs/m)

Figure 4-19: Conversion efficiencies of power converter 7, with respect to various synthesized
resistances R;, and corresponding damping coefficient ¢, . Recall Figure 4-12.
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4.7. Variable Excitation Frequency with Fixed Synthesized
Resistor

The suspension prototype was excited by the MTS hydraulic actuator from /=5 to 10 Hz
incrementing at 0.1 (Hz/ sec) for 50 (sec). The excitation profile driving the hydraulic actuator is
shown in Figure 4-20. Similar to the experimental setup for the SMR the direct AC/DC converter
harvests the available power generated by the seismic DC machine. To verify variable resistor
synthesis by the proposed converter prototype, which is shown in Figure 4-21 (a)-(b), the line of
the converter is connected to a 1-DOF regenerative suspension system with the arrangement
shown in Figure 4-21 (c). The load is connected to rechargeable battery packs, which are

connected in series through the spade terminals are shown in Figure 4-21 (d).

10 ‘ ‘ ‘ Eg&citatiqn proﬁle
5
\

| |
= "I | | |

-5

ol o3 .. JE10Hz
0 5 10 15 20 25 30 35 40 45 50

Time (sec)

Figure 4-20: Experimental hydraulic shaker excitation profile.
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Figure 4-21: (a) PCB components drawing of the bi-directional bridgeless AC/DC converter and
(b) its’ coreesponding prototype. (c) Experimental setup of the mechatronic system. (d) Series
SLA battery packs.

The waveforms of v;, and i,,.,, obtained through the excitation profile in Figure 4-20, are
depicted in Figure 4-22. In this experiment, the synthesized resistor R;, was arbitrarily chosen as
10 Q. Referring to Figure 4-22 (b) and (c), over the excited frequencies, average input current
imavg 15 Observed to be in-phase (i.e., high power factor) with v, while maintaining the
corresponding amplitude ratio, Thus the converter can provide the desired damping in the
electrical domain by harvesting real power from the regenerative vehicle suspension. In this
experiment, the average power regenerated over f= 5-10 Hz in 50 (sec) duration is approximately
1.73 W. Again, both v;, and i, ., are filtered by a passive 2nd- order low pass filter with a cut- off
frequency of 500 Hz.
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Figure 4-22: Sweeping of excitation frequency for nominal R;, = 10 Q with detailed instantaneous

waveform of v;, vs. i, ay at (b) f;= 7.4 Hz and (c) f; = 9.7 Hz.

4.8. Average Harvested Power

To verify maximum power transfer we repeat the same procedure depicted in Figure 4-22
for R;,,= 30 Q, 50 Q, 100 Q, and 200 Q, respectively. Both instantaneous power (left z axis) and
average harvested power (right z axis) are depicted in Figure 4-23 for various R;, (x axis) swept

from f= 3-8 Hz in 35 (sec) period.
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Figure 4-23: (left Z- axis): Instantaneous and (right Z- axis): average harvested power over the

excited frequencies (i.e. 5- 10 Hz) in 35 (sec).

The average power is obtained using

- L% 4-17
P=(f-f)" s 10
fs

where the difference between f, and f; indicates the range of excitation frequencies f;. Referring to

Figure 3-30, Figure 4-19, and Figure 4-23, the average harvested power P (right z- xis) indicates
that the maximum power transfer takes place at R;,,= 10 Q (approximates the equivalent resistor
of the DC machine coil) and lowest overall experimental efficiency 7. Recalling Figure 3-30, this

is a trade-off observed for power regeneration and conversion efficiency.

4.9. Chapter Summary

In this chapter, we proposed a sensorless direct AC/DC converter, operating in DCM, and
investigated its performance through simulation and experiments. Variable resistor synthesis and
the boundary for DCM operation were obtained along with the equivalent circuits in different
switching modes. Through detailed analysis between converter line voltage and current, the
realized converter current can be adjusted with respect to duty cycles of the bi-directional
MOSFETs; hence, accomplishing adjustable resistor synthesis. Furthermore, the converter was
placed under variable line frequency sweep for different values of synthesized resistors to
demonstrate maximum power transfer. The purpose is to show the direct AC/DC converter, with
the aforementioned benefits, when operating in DCM, is able to capture DC machine EMF,
inducted by seismic ground excitation through a small- scale suspension prototype. Through
comparison, it is noted the proposed topology offers a simplistic sensorless alternative, to that of

SMR, for capturing seismic road energy.
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Chapter 5.

Autonomous Start/ Stop Algorithm

An electric vehicle (EV) not only drains battery power when operating, it comsumes
power even while idling or turned off. The power drain during these events may lead to battery
power loss and contributes to reduction of EV range capacities, which makes shutting off the
battery power drain beneficial over time. For a Tesla Model S, the “vampire power drain”
consumes roughly 14 (km) of range capacity, which accumulates to roughly 8000 km per year,
making the reduction of this power loss imperative for EV range extension [121]-[122]. The
mitigation of the quiescent power drain contributes to the development of “Sleep Mode” on a
Tesla Motor firmware. According to [121], the feature claims to reduce the quiescent power loss

to 0.2%.

The proposed algorithm is independent of power converter topologies. The concept of
adaptive turn on/off is applied to a SMR for demonstrating autonomous start/stop the circuit’s
operation for minimizing electrical quiescent power loss. The core of the concept is to detect the
average instantaneous input power over certain time duration and decide the optimal starting time
to operate the harvesting circuits (see Figure 5-1) for the purpose of ensuring “net-positive”
instantaneous power harvesting. Similarly, as the harvester (i.e. electromagnetic suspension) steps
out of “net- positive” region the algorithm will disable the operation of the harvesting circuits
until line voltage v, (and converter current i;,) reaches minimal level. The term “net-positive” will

be explained in the following sections.
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Figure 5-1: SMR (solid lines) with digitally implemented full- wave rectifier (dashed lines).

The term “net-positive” (i.e. P,,), defined in (5-1), is the difference between available
instantaneous harvestable power P;, minus the sum of all power losses in a harvesting circuit P,

(e.g. quiescent, conduction, and switching power losses)
P (1)=P,(1)-P (5-1)

when P,,> 0 (Watts) the condition of net positive is met. As indicated in [122], an autonomous
energy harvesting circuit should take into account quiescent power loss (P,) while calculating

total power loss during operation. In this work, P, for the SMR is the derived as

B,=P,,+AP, +BP, +P +P, (5-2)

loss — * cond

where the coefficients 4 and B are dictated by number of MOSFETSs and gate drivers. P, is the IC
quiescent power loss. P, is the auxiliary ICs operating power consumption. The total power loss
is decomposed into conduction P,,,,, switching P, and gate driver losses P, respectively. They

are derived as

P . =it2 (aR

C

+ Rpgp + Ry, ) (5-3)

ds,on
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P, =05fV,i ([on + to/f) .

P, =V, 0.1, (5-5)

v &

where Ry .., Resz, and R, are the drain- source on- time resistor, inductor equivalent series
resistor, and internal resistor of DC machine that represents the machine coil loss. i, is the
conducting current. Vj, t,,, and f,; are the MOSFET blocking voltage, turn- on and off time,
respectively. V,, and O, are the adopted MOSFET gate- source voltage and corresponding
MOSFET gate charge. For the specific application, Py, can be neglected due to level of i, and
switching delay time with adopted supply voltage (=12 V).

As mentioned earlier, a Maxon DC motor (RE40-218011) with R;;; = 10 Q > Rpgp >>
Ry.., was selected as the available power generator of the regenerative suspension prototype. In
the proposed algorithm, when the SMR is disabled the load battery disconnects (after a time
delay) the auxiliary circuits, therefore, making it possible for minimizing P,. For the SMR
prototype, P,.~ 11 mw, which is explained in much details in later sections. Moreover, since Q,~

40 nC (at Vy= V4 12 V) for n- MOSFET IRFZ44N [124]. Hence, Py, can be simplified as

5-6
Ploss,r ~ lt2 Rnt + ‘Paux ( )

According to (5-6), during road excitation, the main contributor of electrical efficiency
degradation of the regenerative suspension is the internal resistance of the DC machine. While
road excitation is absent (i.e. vehicle idle), the main contributor of overall efficiency degradation
is the quiescent power loss P, which the proposed adaptive turn on/ off algorithm aims to

mitigate.

In order to achieve the aforementioned requirements, an emulated full- wave rectifier (FWR) with
parallel RC load has been digitally implemented (connected by dashed lines in Figure 5-1). The
FWR line voltage v, is estimated by DC machine encoder. Again, the purpose of FWR is for

achieving “net- positive” operation and autonomous turn-off as the excitation voltage source
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exceeds and reduces to threshold level (e.g. vehicle braking/ idling), respectively. Averaging the

rectified line voltage v, results in the following

t+AT 5_7
v, =AT [ |v|de 7)

t

where AT is nominal duration for averaging rectified v,. In this work, AT = 1/60 (sec). To ensure

the SMR stays in “net- positive” region a threshold voltage V;, is defined in the following

1t+AT (5—8)
v, = |RAT" [ P dt

np
t

where R;, is the desired synthesized variable resistor value. The “net- positive” is established if

v >Vy. To illustrate, assuming sinusoidal v, the time required for stepping in the “net- positive”

region is derived as follows
T —sin™ (vax_l) o (5-9)

Similarly, as v, reduces (e.g. vehicle idling) the time required to autonomously disable the

auxiliary circuit is expressed as

T, =—ln(V,7,") (5-10)

where w is the excitation angular frequency. The discharge time constant 1=R;C; is the product of
load resistor and capacitor of the emulated FWR, respectively. It is worthy to note that since the
battery is hard switched- off, by Q5 in Figure 5-1, from the auxiliary circuit, therefore it is
imperative that it is performed after i, has reduced to its” minimum level to prevent undesired

current transients, which explains the purpose of (5-10) for delayed turn- off.
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5.1. Auxiliary Circuit

In this work, the SMR prototype and the auxiliary circuit, powered by SLA battery, is
depicted in Figure 5-2. The main components and ICs are tabulated in Table 5-1. As depicted in
Figure 5-2 (a) and (b), the gate drivers are consisted of two floating type gate driver ICs (i.e. IR
2110), bootstrap capacitors cp, and diodes Dy. According to [124]-[125], the IC quiescent power =
5 mw (Vpp=12 V). In addition, gate resistor R,/ anti- parallel diodes D, are placed for MOSFETSs
slow turn- on/ fast turn off. In addition, current sensing is accomplished by a bi- directional
current sense amplifier (LT 1999- 20), which is supplied by a switch- mode voltage regulator
(P7805), as shown in Figure 5-2 (c). The pin V, indicates the bi- directional current reading. The
pins Vin+ and V. connect to current sense resistor R,. The quiescent power of LT 1999-20 and
P7805 are approximately as =~ 7.5 mw (V'= 5 V) and 0.45 mW, respectively [126]-[127]. The

auxiliary circuit consumes total of P,,~ 11 mw and P~ 13 mw.

terminals 7]

Vb
HO

H
N, QI Vg

Vs
SD  Vee

COM

Y|
71
5

J’ N, Q2
\I Vs LO




SMVR

)

a v SHDN
Rg Vin+ Vour
£, Vie Ve

a I GND

T

BD- CSA

Figure 5-2: (a) SMR prototype and its’ auxiliary circuit setup with (b) bootstrap gate driver (c)
switch- mode voltage regulator, and current sense amplifier.

Table 5-1: Auxiliary circuit components and ICs

Component Manufacture Part number
Switch- Mode Voltage Regulator CUIINC P7805
Floating Gate drive International Rectifier IR 2110
Bi- directional Current Sense Amplifier | | ... Technolo oy LT 1999- 20

Gate Resistor (Ry) Bourns 4608X-102-100LF
Bootstrap Diode (D) AVX 478-7800-1
Bootstrap Capacitor (Cy) Nichicon 493-11572-1
Current Sense Resistor (R;) VISHAY WSLF-.025CT
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Figure 5-3: State diagram of DB- HCC with additional adaptive turn on/off state.

As indicated, “net- positive” is determined by P,,. Observing the DB- HCC state diagram
with additional adaptive turn on/off state, in Figure 5-3, it is seen that the SMR is instructed to
operate only when P,,> 0 (i.e. v, >V3). As a result, Q5 is gated (see Figure 5-1), SD pin (i.e. pin
11 on IR2110) is pulled to ground, and SMR is operating in DB- HCC state diagram. During this

process as v, is monitored, when v, < V) (caused by either vehicle braking or idling) the

X

operation of SMR terminates, Q5 is opened, and SD pin is gated. Consequently, the quiescent

power loss is minimized.

5.2. Adaptive Algorithm with ISO-standard Drive Cycle

In this work, a nominal driving cycle has been architected in Figure 5-4. The driving
cycle is essentially an International Standard Organization (ISO) 8608 Road class C roughness
developed at different vehicle speeds. As indicated, the vehicle is nominally chosen to accelerate

from static (0 km/h) to highest speed of 50 km/h and brake to idle.
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Figure 5-4: Variable speed class C roughness driving cycle.
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Figure 5-5: (a) Gating signal Q5 for powering auxiliary circuits, (b) rectified line voltage as result
of (c) vehicle speed curve. Note: The dots indicate the time stamp of updating driving speed.
Note: the 0 (sec) indicate the start of real-time data acquisition.

Referring to Figure 5-5 the SMR delays operation (point “6” in Figure 5-5 (b)), as Q5 is
gated in Figure 5-5 (a), when the vehicle travels for = 2.2 (sec) beyond 10 km/h (see Figure 5-5
(c)) with the rectified DC machine EMF v >V, as indicated in Figure 5-5 (b). In other words, a
harvesting circuit operates in the region of “a-b” consumes more power than the available power,
therefore P,,<0. As a result, the purpose of energy harvesting is contradicted. Meaning, size of
the region depends on the seismic environment and inherent loss of the harvesting circuit. Having
a specific harvesting circuit, higher road classes lead to smaller region “a-b”. At point “d”, as v
< V;, the harvesting circuit is turned off at roughly ~ 0.25 (sec) in Figure 5-5 (c) after the vehicle
reaches 0 km/hr, which is indicated by point “c” , shown in Figure 5-5 (b).
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Figure 5-6: (a) inverter voltage, (b) left Y- axis: line voltage, right Y- axis: reference current, (c)
controlled input current, and (d) rectified current for battery storage

The algorithm can also be verified by observing inverter voltage vpc, line voltage v;,,
reference current i, input current #;,, and rectifier current ipc. As indicated in Figure 5-6 (a) as <
T., vpcequals to v;,. This represents an equivalent open- circuit, meaning not only i, (shown in
Figure 5-6 (c)) equals to 0 (A), theoretically, but also the auxiliary circuits are not in operation.
As t> T,, the SMR and its auxiliary circuits are in operation. In this work, a nominal R;,= 50 Q
has been chosen. In this mode, the i;, is controlled (by DB- HCC) to synthesize R;,= 50 Q, which
is verified through the corresponding amplitude ratio with v;, (shown in Figure 5-6 (b)). The
rectified current ipc for battery storage is depicted in Figure 5-6 (d). Lastly, as vehicle becomes
idling the algorithm not only suspends the auxiliary circuit quiescent power consumption but also
actuates the shut- down (SD) pin of the gate driver, resulting vpc equals to 0 (V). For detailed
instantaneous performance of the proposed autonomous algorithm with a Q- car electromagnetic

suspension, a video of the real-time implementation was posted on [129].

127



5.3. Efficiency Enhancement

As indicated earlier, the ISO road profile is a stochastic process (non-deterministic),
which implies that the induced motor EMF does not reach a pure sinusoidal state. Therefore, to
calculate for power efficiency it is desired to normalize the averaged available power and power
loss over the entire driving cycle. To obtain the available power P;, the sum of instantaneous
input power have been normalized to the total driving cycle (see Figure 5-5 (a)) T,,, = 1.+ T, + T;

=10 (sec) as follows

o (5-11)
P, =T, | vidt

m tot
t

Recalling (5-2) - (5-6), the power efficiencies of the SMR with and without the autonomous start/

stop algorithm are written as the following, respectively

T, (5-12)
’7{1 ~ 1 - T;;tl _[ it2Rintdt + Trpaux + (Td )Z;JtIPzI / Pin

t

t

t+T,
’7 ~ 1 - [Ttatl [ J. itzRintdt + TrPauxJ + (Ttot - Tr )E;tlpq J / Pin (5'13)

where T,, T,, T;, and T; indicate the time of adaptive turn- on time, driving time, adaptive turn- off
time, and vehicle idling time, respectively. The values for the nominal driving cycle are tabulated

in Table 5-2.

Table 5-2: Composition of Driving Cycle Time.

Driving Cycle Time Value (sec)
Total Driving Duration T}, 10
Adaptive Turn- On T, 2.2
Driving T, 5.3
Adaptive Turn- Off T, 0.2
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Driving Cycle Time Value (sec)
Vehicle Idling T; 25
Rectfied Voltage Averaging Duration AT 1/60
Discharge Constant t 0.01

For the adopted driving cycle, in Figure 5-5 (c), efficiency comparisons are tabulated in Table 5-3.

The converter power efficiencies (SMR) efficiency are also obtained by omitting the source

impedance of DC machine (i.e. Ry,= 0 Q). The results indicate that the efficiency improvement

for ISO 8608 class C road profile is roughly 14%. The calculations are as follows

Iz(ﬂj—l,
n

Table 5-3: Comparisons of conversion efficiency with start/ stop algorithm

SMR Efficiency | Power Efficiency | Improvements (I)
1~ 91 % N.~=76 % =14 %
n =80 % n=67% =14 %

5.4. Chapter Summary

(5-14)

In this chapter, an autonomous start/ stop algorithm, for power conversion efficiency

enhancement, wa implemented to provide a method to start/stop the harvesting circuit based on

the estimated available power provided by the DC machine. Independent of vehicle velocity, the

algorithm decides the optimum point for the converter to initiate harvesting behaviour by

estimating the difference between its’ auxiliary power consumption and available power induced

by the seismic source (i.e. road). It is inherently adaptive to different road roughnesses. The
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converter operation is ceased, with a time delay (for avoiding undesired voltage/ current
transients), after the induced EMF has diminished (e.g. vehicle idling). The start/ stop operation
the exemplifing SMR is minaly accomplished by 1. Connect/ disconnect battery powered
converter auxiliary circuits (i.e. current transducers, gate drivers, voltage regulators, etc) and 2.
Gating the shutdown (SD) pins of MOSFETs gate driver ICs. To illustrate, the power conversion
efficiency enhacement of 14% for the SMR has been documented on a class C variable speed

drive cycle.
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Chapter 6.
Conclusions and Suggestions for Future Work

A regenerative suspension system not only allows the possibility of road energy regeneration,
but also, enables the control of vehicle sprung mass dynamics. The concept mitigates the
conventional tradeoffs between active/semi-active (e.g. Sky-hook, RS) and passive control
methods. Traditionally, active/semi-active control of a vehicle suspension system consumes
electrical power (e.g. magic body control). Suspension passive control does not consume
electrical power consumption; however, it can not accomplish variable control objectives. It is
shown, throughout this work, the purposes of controlling suspension dynamics and harvesting
road engeries can be met simultaneously, by the use of switched mode power electronics. The
switched mode converters not only harvests the regenerated power, but also, provides variable
levels of damping forces, in the electrical domain, to accomplished desired sprung mass control
performance. To conclude my work, the summaries of the accomplished tasks are outlined in the

following:

1. A regenerative suspension system prototype (i.e., SDOF system with ball- screw/DC
machine) was illustrated, in great details, with respect to sprung mass dynamics and
power harvesting. Through experimental results, different suspension dynamics scenarios
were discussed. It is noted that the smaller the equivalent load resistor is, the higher
amount of equivalent damping is provided to the suspension system. The FRF between

both sprung mass acceleration and suspension relative displacements have been provided.

2. To achieve control and energy harvesting of a regenerative suspension system, a bi-
directional SMR, controlled by DB-HCC, for variable resistors synthesis was designed,
simulated, and fabricated. The purpose of the converter is twofold: (1) To present
variable levels of electrical damping by adjusting the duty-cycles of the inverter, and (2)

Harvest the dissipated energy by using the DC machine. To examine variable electrical
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damping, we experimentally demonstrated regeneration and motoring modes. The results
were demonstrated under variable excitation frequency and variable synthesized resistors.
Moreover, the conversion efficiency of both mechanical suspension and power converter
are identified. In addition, with the modelling of ISO road profile, the SMR is placed
under both ISO 8608 class C and D excitation for variable damping provision and energy
harvesting. According to the experimental waveforms, it is realized the converter
controlled by DB- HCC is capable of regulating the desired line current, thus presenting

the desired electrical damping.

In addition to constant damping, the converter is also implemented for applications in a
semi-active control algorithm (i.e. Sky-hook). Conventionally, realizing semi- active
control consumes power; the benefits of the proposed approach are towfolds: (1) Realize
Sky-hook type damping, and (2) Regenerate energy. The FRF in terms of average
regenerated power, sprung mass acceleration, and suspension relative displacement of the
regenerative modified Sky-hook is obtained. In addition, the instantaneous waveforms
indicating the converter responded to Sky-hook switching are documented. Also, the
transient response of both Sky-hook and constant damping are presented. According to
the experimental results, the DB- HCC controlled switch- mode rectifier (SMR) is able to
generate equivalent electrical dampings, according to the Skyhook detection outcome, to
the suspension system prototype. Therefore, it actively controls the suspension dynamic
while mitigates the tradeoffs between suspension passive control (lack of control) and

conventional active control (power consumption) methods.

A new direct AC/DC converter, operating in DCM, has been proposed. The purpose of
the converter is to provide an alternative to the SMR for the purpose of energy
harvesting. The benefits of such converter are simpler auxiliary circuit design, control,
and smaller converter foot-print. Meaning, it is also suitable for very low available
power applications (e.g. piezo-based transducer), since in such application the power
consumption of auxiliary circuits should also be taken into account. Detailed analysis
and modeling of the power converter in various switching modes were presented along
with control strategy for input resistance synthesis. The experimental switching
waveforms, such as line voltage, current, and rectified current correlated with that of

theoretical analyses. The ability of regulating converter input resistance can be utilized
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to emulate equivalent mechanical damping with regenerative capability. Experimental
results of the converter connected to a regenerative vehicle suspension prototype for
providing desired equivalent damping through vibrational energy regeneration is
demonstrated. Furthermore, through synthesized resistor sweep over an extended range
of frequency excitation the tradeoffs between power regeneration and conversion

efficiency are also obtained experimentally.

5. An autonomous start/stop algorithm for energy harvesting power converter has been
proposed. It allows power conversion efficiency enhancement by turning on/ off the
circuit operation. According to the power level provided by the suspension prototype, the
efficiency enhancement of 14 % is reported. In short, the algorithm ensures operations in
positive conversion efficiency region. When the instantaneous road energy exceeds the
converter quiescent power loss the converter starts to operate. When the vehicle idles, the
algorithm shuts down the converter operation with a time delay for preventing undesired
transients. The feature is synonymous to that of “Sleep- Mode” on a Tesla Model S

firmware.

6.1. Suggestions for Future Work

6.1.1. A Bandwidth Enhanced Regenerative Suspension System

Recalling from Section 1.2, the generator will capture the maximum power at its resonant
frequency. The potential future work outlined in the following have demonstrated great potentials
in minimizing ground-tire relative displacements and maximizing energy harvesting in many
applications [130]-[132]. In order to, overcome the limited bandwidth of linear resonant
generator, the nonlinear strategies for the purpose of extending operating frequency region is
examined. Several published works have focus on methods of expanding the power generation
bandwidth by tuning the energy harvester where the excitation frequency is far from the
mechanical resonance frequency. For example, a coupled shunt variable capacitor across a
cantilevered piezoelectric beam for tuning the resonance frequency for the purpose of energy
harvesting in implemented in [130]. The expansion of bandwidth for power generation by
introduction parallel inductor and resistor to a piezoelectric based energy harvester is

demonstrated in [131]. A linear spring compliance with added magnetic reluctance forces for
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providing a wider bandwidth of operation is experimentally demonstrated in [132]. A nonlinear
mechanism with hardening stiffness, which provided a greater bandwidth, is investigated in

[133].

6.1.2. Frequency Response and Jump phenomena

Recalling Section 2.1.2 one can construct the amplitude vs. frequency plot as shown in
Figure 6-1. According to [133], by applying positive (negative) cubic stiffness force into a mass-
spring system will result in bending of the amplitude frequency response curve, thus extending
the available power bandwidth of the system into higher (lower) frequency region. It is seen that
by adjusting the systems damping, stiffness, excitation amplitude different shapes and bending
directions of the curves can be observed. It is realized that the curve bends left and right while
having negative and positive a, also, the peak amplitude of the curve grows with increasing £ and

decreasing u.

T
\ T kincreasing,
u decreasing

Figure 6-1: Amplitude vs. frequency curve with different nonlinearity, damping, and stiffness
parameter values

The jump phenomena can be observed by looking at the amplitude vs. frequency curve in
Figure 6-1 and Figure 6-2. To observe the phenomena one can increase the excitation frequency
(with other parameters fixed) the response amplitude will follow the path of upper branch:
B’>A->A’ by skipping the unstable region. When the same system with different initial
conditions running at decreasing excitation frequency the response amplitude will follow the path
of lower branch: A’>B->B’. The phenomenon is also investigated numerically (using ODE45)
as shown in Figure 6-3. It is clearly shown with 2 different amplitude traces, which corresponds

to the bending effect in analytical simulation. Also, the jump phenomenon is observed by forward
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and backward sweeping of the excitation frequency with 2 different initial conditions. It is seen
that the blue curve increases in amplitude with increasing excitation frequency only until =2 the
jump phenomena will occur and the amplitude jumps down to =0.4 and decreasing. When back
sweeping the frequency the same phenomena occur but at a different point of excitation
frequency. Therefore, from the numerical simulation it is shown that the unstable region shown in

Figure 6-2 is not physically realizable.
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Figure 6-3: Numerical simulation of jump phenomena in amplitude
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