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Abstract

A new continuously variable transmission (CVT) system is proposed in this paper for the purpose of
improving transmission efficiency in vehicles. The patented mechanical layout, considers a self-
adaptive gyroscopic, hydrostatic linear torque converter, that achieves power transmission at various
ratios by varying the displacement angle of the centrifugally free sliding arm connecting the output
shaft of the engine to the mechanism. The hydrostatic portion of the mechanism involves either a
hydraulic motor or a Pelton turbine, since it delivers high power for small flow rates and high pressures,
converting fluid power to mechanical power. Kinematic and dynamic analysis take place to validate
the dynamic behavior of the system. An important addition to the mechanism was a spherical spring,
to maintain oscillatory motion since torque provided at the extreme points is momentarily 0 and the
mechanism is otherwise driven to instability. Next, an optimization procedure took place with the
overall CVT’s dimensions taken into account, as the goal is for it to be small enough to fit inside a
vehicle. Gearbox MQ200-6F of the Seat Ibiza Fr 2021 model was chosen as an example, since it’s a
standard vehicle with its gearbox dimensions being roughly the same throughout the car industry for
such cars. Optimum geometry of crucial CVT components was pinpointed, to account for 3 different
operating points, all of which were derived from the power-torque vs rpm chart provided for the engine
of the Seat Ibiza 2021 model, with the goal of covering a broad range of operation. The achieved
overall efficiency of the optimal configuration resulted in n = 0.64, while the thought maximum
efficiency was estimated as 71,,,, = 0.72. Efficiency was constant throughout the operating points,
whereas the spring constant increased in value with power. Its value was influenced by the oscillatory
behavior of input torque to the mechanism as well as the non-constant fluid velocities impacting the
Pelton turbine, resulting in a less than estimated value. This CVT invention seems very promising as
the mechanism can operate for various loads with good enough efficiency and at a reasonable size.
Still, further research is needed as a custom spring needs to be implemented that takes into account the
displacement of the centrifugal free sliding arm as well as the load demanded for various points, with
regard to also maximizing efficiency. Additionally, other hydrodynamic turbines may be found to be
better options for efficiency and overall operation, since Pelton turbine does not directly influence the
mechanism but needs a central processor unit (CPU) or a hydraulic system to control the nozzle area
ratios to induce load



Abstract (in Greek)

2mv mopovco epyacio TapovstdleTon Vo KOVOTOUO GUGTNHO GUVEXOUEVIG WETAO0ONG Kivnong
(CVT) pe oxomd v PeAtioon g amddoong petdooong Kivnong oe oynuato. H pnyovikn dwdtaén
OV OVOPEPETOL OTNV €V AOY® TOTEVTO OLPOPA GE OVTOTPOGOLOPILOUEVO, YUPOGKOTIKO, VOPOGTOTIKO
YPOUUIKO LETATPOTEN POTG, O OTOI0G EMTVYYAVEL LETAOOOT 15YVOG GE SLAPOPOVS AOYOVS LETAOOOTG
HETABAAAOVTAG TNV YOVIO HETOTOTIONG VOGS LOYAOD QUYOKEVIPIKA glevbepng olicOnong, o omoiog
oLVvdéeL Tov AEova TOV KIvTHPO Le TOV UNXovicd. To vdpooTatikd HEPOG TOV UNYOVICUOD EUTTEPLEYEL
™ ¥pNoN €1Te VOGS LOPUVAIKOV KivnTipa €ite piag otpofthounyavig Pelton, epdcsov avt dvuvatal va
Tapdyel HEYOAN 16x0 Yoo YOUNAEG TOPOYEG PELOTOV KOl LYNAEC TIECELS, MOTE VO, LETOTPATEL M
PEVGTOOVLVOLLKY] EVEPYELD G pnyavikn. Kivnpatikn kot Suvapikn avaivon Aapavouy xdpo doTe vo,
eMKLPWOEL 1 SUVOLIKT] GUUTEPIPOPE TOV UNYOVIGHOD. ZNLUOVTIKN TPOCHNKN OMOTEAEGE TO GTPOPIKO
EAOTNPLO, LE OKOTO VO SLOTNPEITOL 1) TEPLOJIKT) KIVIOT) TOL UNYXOVIGHOL KaBMG 1 pomn €16000VL GE
avtdv eivor otiypaio UNdEVIKN oto VEKPA onueia, He amoTEAESHO, diY®G aVTd, 0 UNXAVIGUOS Vo
odnyeiton oe aotdBe. X ocvvéxew, mpayuoatonombnke Pektiotomoinon €xoviag Kupilopyeg
TOPAUETPOVS TIG OAKES SOGTAGELS TOV UNYAVIGHOV, 010TL Ba TpEmel va eivat apKeETE UIKPOS OCTE VA
tonofeteitan o€ emiPaticd oynpata. g Tapaderypa ypnoiporomdnke 1o kipdtio toyvtitwv MQ200-
6F tov Seat Ibiza Fr 2021 povtélov, dedopévov 0Tt amotedel Tomkd Oymuo Le TG ScTAGES TOV
Kipotiov Tov va eivar mepimov 1deg pe KPOTIH TOPOUOOV TOTOL TNG AYOPAS. LG AMOTEAEGLLOL
TPOCIOPIGTNKAY Ol SUCTACELS KOPLOV LEPDV TOV UNXAVIGHOL o€ 3 onpeia Agttovpyiag, to omoia
emAEYONKay e Baom To ShypopLLe 16YVOS, POTNG — GTPOPAV ToL Kivntnpa tov Seat Ibiza Fr 2021
LOVTEAOV, MOTE VO KOAVOOET peydio pépog g Aettovpyiog tov. H amddoon mov emttedybnke dmo v
Bértiom dudtaén vmoloyiotnke oe 1 = 0.64, evd N BewpnTik PEYIOTN AmOd0CT| EKTIUNONKE o€
Nmax = 0.72. H anddoon avty Nrav dw kot ota 3 onueio Asttovpylag mov €hafe yopa M
BeAltiotomoinom, evd N 6tabepd EAATNPLOL TOPOLGINGE OVEOVGO GLUTEPIPOPA LE AOENGT TNG 1GYVG
glo600v. H T g ennpedotnke 1060 amd TNV TEPLOOIKY] CLUTEPIPOPE TNG POTNG EIGOIOL GTOV
UNYoVIoUo 060 Kot amd TiG LETUPAAAOUEVES TOVTNTES TOV OEGUAOV PEVGTOV TOV EIGEPYOVTAY GTNV
Pelton, pe amotéhecpa v un PEAtTiot Asttovpyio g Kot dpo petowpévn anddoon. H mapovoa
EPEVPEST PAIVETAL OPKETE VITOGYOUEVT, ALPOV O UNYXAVICUOG dVVATOL VO AELTOVPYNGEL Y1 O1BPOPES
oLVONKEG EOPTIONG HE GYETIKE KOAO Pobld amdooons, o€ amodektd péyebog. Qotdc0 amarteiton
TEPOLTEP® £PEVVA OGO APOPA TO €AATNPLO PETAPANTNG oTabepdg mov mpémel va evtaybel otov
UNYOVIGHO, TO 0Toio OPEIAEL VO AAUPAVEL VITOYLY TV YOVIO, LETATOTIGNG TOV LOYAOD (UYOKEVTPIK(L
erebBepng OAicONoNG, KAODG Kol TG GLVONKES EOPTIONG, VA TAPAAANAL ©TOYXOG €lvar Kol 1M
peylotonoinon g amddoons. AkOUN, GAAEG VOPOOLVOUIKES HNYOVEG EVOEXETOL VO KPLBOLV
TEPLOCOTEPO KATAAMANAEG WG TPOG TNV ATOOOGT KOl TNV GLVOAKT AEITOLPYIC TOV UNYOVIGHOD, O10TL 1|
Pelton dev tov emmpedlet dpeca drla yperdleTor pio NAEKTPOVIKY KEVIPIKNY Hovdda emeEepyaciog
(CPU) 1 v3pav Ao GOGTNIO MGTE VO, EAEYYOVTOL Ol SUTOUES TV AKPOPLGIMY TOV 03 YOVV G’ AVTNV.
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1. INTRODUCTION

1. Introduction
1.1 State of the Art

Due to intense need for decarbonization and reduction of CO2 emissions, with guidelines for zero net
emissions by 2050 being made [1], the transportation industry, as well as others, experience a strong
shift and transformation from the state it’s been in the past decades [2]. Through alternative fuel usages
[3-8], electric implementation [9-11], different materials [12-13], or energy efficiency [14-15], the
automobile companies make a hard effort to meet the pollutant reduction goals set by regulatory
authorizations. Energy efficiency is a sector many put their focus on, and more efficient engine
transmission has been an interesting topic of discussion in recent years. Continuously Variable
Transmission or CVT, has been proven to offer a great increase in efficiency as well as emission
reduction [16-18].

The belt or chain type is one of the most common and researched CVT’s [19-20]. Nissan for example
has its own variation of the patent, called Jatco, which only becomes better as time goes by, with ratio
coverage widening and torque capacity growing [21]. Its principal function relies in two pulleys, with
a belt or a chain clamped around them, that are able to each change their diameter according to the
load via a hydraulic system or an ECU, achieving theoretically infinite ratios. More specifically, the
basic configuration consists of two variable diameter pulleys kept at a fixed distance apart and
connected by a power-transmitting device, a belt or chain. One of the sheaves on each pulley is
movable. The belt/chain can undergo both radial and tangential motions depending on the torque
loading conditions and the axial forces on the pulleys. This consequently causes continuous variations
in the transmission ratio. The pulley on the engine side is called the driver pulley and the one on the
final drive side is called the driven pulley. The basic layout of a metal V-belt CVT and a chain CVT
are shown in Fig. 1 and 2 respectively [19].

a b
Metal belt element
Driven\Axial Force - /
d t z —
R ; - Metal Ring /
!l v Band pack

- - _
E ( Driven

Input torque

(a) (b)
Figure 1: Metal V-belt CVT layout: (a) basic configuration (b) belt structure [19].



1. INTRODUCTION

a b

Input torque

rocker-pin rocker-pins

chain

inner plate

Load torque

(a) (b)
Figure 2: Chain CVT layout: (a) basic configuration (b) chain structure [19].

Both belt and chain CVT systems fall into the category of friction-limited drives as their dynamic
performance and torque capacity rely significantly on the friction characteristic of the contact patch
between the belt/chain and the pulley.

Because the compression and clamping loads are relatively high, even for small engines, the belt type
is limited in how much torque it can transmit without failing, with the chain type being slightly better,
but not significantly. As shown at Fig. 3a, the belt/chain suffers from high temperatures due to
deformation and frictional forces [22], as mentioned before as well. This results in wear of the
belt/chain and therefore tackles reliability while increasing maintenance costs. The whole arrangement
with the casing is shown in Fig. 3b.

.
Drive Inlet

|

Drive Pulley

(@) (b)

Figure 3: a) Temperature contour plot of pulley and belt surface. b) Cad model of the CVT casing [22].

Temperature (C)

- 130.

116.

The toroidal type is the next most common and researched CVT, with Nissan having certain models
of its vehicles equipped with it [23], and Toyota contributing with their own variation in the wind
power sector [24]. The main components are the input and output discs, that together create a toroidal

10



1. INTRODUCTION

cavity (Fig. 4), coupled with an appropriate number of rollers. As the driving disc rotates, the rollers
also rotate and thus create rotation at the driven disc. By changing their tilt angle, the rollers are able
to achieve any desirable ratio, either by tilting inward or outward, and very rapidly, because of the
geometry of the toroidal traction drive. Between the roller and the discs, the torque is transmitted by
means of the shearing action of a special oil referred to as traction oil. The lubrication regime of such
a system is the hard EHL with pressures up to 3 GPa. Such high pressures lead to a much higher oil
viscosity than in the normal hydrodynamic regime, which in turn enables the transmission of high
torque despite the very small area of contact [25].

rialler rotatson axes

1 L

ogtput disk  impat diskl % ) cutput disk

< T
4, g

sk rolation axes

]

—— roller tiMing center points

LHA {h}

Figure 4: The traction drive CVTs: (a) half-toroidal (b) full toroidal. [25].

Its complex design and necessity of detailed manufacturing are the main challenges and the reason it
hasn’t been used in a mass scale. Further research is still required, as well as experimental data obtained
by the current Nissan models equipped with it.

Research on cutting-edge implementations is also underway, such as CVT based on the warping of
twisting beams [26] and magnetic CVT [27].

The warping of twisting beams CVT, lies in the idea that when a beam with a high warping constant
is loaded in torsion, the cross-sections deform in the axial direction of the beam which then propagate
to the other side of it. This behavior results in a reverse rotation of the output of the beam compared to
the input. This principle is used as a transmission and inversion between input and output. The
schematic representation of the mechanism and the warping-induced displacements are shown in Fig.
5.

11



1. INTRODUCTION

Resulting rotation

Input rotation

Figure 5: The working principle of the compliant CVT based on the warping of twisting beams [26].

The transmission ratio of this CVT implementation is shown in Fig. 6, and is denoted as

A L-A

€ >

o= Glnpul _7%_ ()Output ./?Eﬁ\'\
b N — -/
3 = 4

Rotational constraint Output

Figure 6: Warping of twisting beam CVT transmission showcase [26].

Oout __ L—2

Oin A

The magnetic CVT or m-CVT consists of three concentric rotors, with the inner and outer rotors being
equipped with permanent-magnet arrays and having varying numbers of pole pairs, while the
intermediate rotor carries a number of ferromagnetic pole pieces. In a similar manner as mechanical
planetary gear sets, the m-CVT’s gear ratio between two rotors can be continuously varied by varying
the speed of the remaining rotor and therefore achieving a magnetic continuously variable transmission

(Fig. 7).

12
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= Control 1 b
— o e g —

Ftor ~ rotor

) rotor T —
L5y |

™ Inner R —
I,_,-’I rotor L
o |
Pole-piece ([ | le-pi
— N r e
& " d »p rotor
(a) i)

Figure 7: m-CVT representation a) Radial cross-sectional view, b) Axial cross-sectional view [27].

1.2 The current work

The invention [28, 29] can be identified as a self-adaptive gyroscopic, hydrostatic linear torque
converter that transmits power with a centrifugally free sliding arm that by changing its angle yields
transition of the gyroscopic mechanism, the shaft and the ‘floating’ disc (Fig. 9), that consist a pump
of real time variable displacement. As a result, the key function of this mechanism is the transfer of
mechanical energy by leveraging the centrifugal force. Its superimposed connection with a hydraulic
motor, aids the creation of a linear power transmission system that is able to deal with any variable
load on its rotating shaft, meaning it can be easily used in a vehicle. Given that power is a direct
function of the load and thus any desirable speed ratio can be obtained, this mechanism is thought to
fulfill the perquisites of a CVT, with higher torque and lower speed being transmitted at smaller angles
of displacement of the disc and higher speed and lower torque being transmitted at larger angles. The
initial representation of the invention is shown in Fig. 8, and has been remodeled, since two input
shafts were needed and thus the functionality as well as the overall size were compromised.

Hydro C.V.T. with Linear Pumgp.
Jaw
exd, 16 " oxz, G.ex| Shaft \‘
15 | "o wia,
17 x4 23
Rotating
Is Shaft
120 « Id - e
i %;\ 5 il =i
P
- B A b
20- \
202 -l 3o :M' = \ Disc
Id
Inp- ‘ 2 ais
13a - ‘lz Fig -20-
4 is4
Figure 8: Original invention configuration [28]. Figure 9: Disc in titled position, with sliding arm

connected to engine shaft
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1. INTRODUCTION

The input rotating shaft (yellow) is connected to a slider (green) which forms a free sliding joint with
the Jaw Shaft (cyan). The Jaw Shaft is then connected to a disc (blue) via two ball bearings. The disc
is mounted on a spherical join. The discussed configuration is shown in Fig. 9 and in Fig. 10 at a non-
tilted position.

(@) (b)

Figure 10: a) Disc in horizontal position, with sliding arm connected to engine shaft and b) Disc in side view.

In further detail, 4 piston-rods are attached to the back of the disc, placed at equal distance on its
perimeter, as shown in Fig. 11. Their movement causes fluid to accelerate and develop a pressure
difference, which then passes to a hydrodynamic turbine. Since a CVT is meant to be relatively small,
to fit inside a vehicle, no significant pressure can be created from the pistons and even less significant
flow rate can be acquired, due to the small chambers. This leads to the need of an impulse turbine, in
the place of the hydraulic motor. More specifically, a Pelton turbine is thought to be the most suitable
for this application. Pelton turbines exploit the kinetic energy of the incoming fluid to create torque,
with the fluid passing through a diameter varying nozzle, as shown in Fig. 12.

Rotating

Figure 11: Detailed representation of the mechanism, including the 4 piston-rods attached to the back of the
disc.

14



1. INTRODUCTION

A detailed view of the whole mechanism, the spherical joint frame of the disc and piston-rod chambers
is shown in Fig. 13, as well as the placement of the Pelton Turbine and two of the four nozzles attached
to it, for simplicity and to avoid confusion. The other two nozzles go around the front and the back of
the turbine to meet the turbine runner at the bottom and the right side.

——Penstock Curved spoon

— Runner

Hand wheel
0 Pitch circle
Casing
Suppor \
Support
Spear B
Spear Rod . Water 'LJ;;
Tail stock % pa
- pressure g
l;.;J out =~ == " bucket
(a) (b)

Figure 12: a) Pelton turbine overall layout and b) wheel and water jet [source: web].

Pelton Subassembly

Shaft Frame

Spherical Joint Frame  Chambers

el Pelton Runner

Figure 13: Detailed representation of the mechanism along with the Pelton turbine subassembly and two of
the four nozzles.

The decision for the hydrodynamic motor to be a Pelton turbine came as a result of the following
statements. For low flow rate Q, under 0.1 m3 /s, Figure 14 shows that Pelton is the most suitable
flow turbine, able to generate sufficient power, over 60 kW, for relatively small fluid pressure. Pelton
turbines operate with incompressible fluids, i.e. water, so the pipes connecting to its inlet won’t take
much space.

Furthermore, they can be small enough, with a runner diameter of 0.1 to 0.2 m, and be able to provide
sufficient power. For example, the CJ237-W-45/1x4.5 [30], is able to produce from 62 to 110 kW
power, depending on the input conditions.

15
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i (R
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0.0 0.1 1 10 14k 100
Flow rate {2 in m'’s

Figure 14: Best suited turbines vs flow rate Q and pressure height H [source: web].

Pelton turbines are generally used to exploit the height difference of a fluid, in other words its potential
pressure, to generate power. Their shaft is then connected to a generator for the production of
electricity. The same principle can be used in this CVT application. By using pressurized fluid instead
and connecting the turbine shaft to the output shaft, the fluid power can be converted to mechanical
power and be transmitted to the wheels of a vehicle.
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

2. Dynamic Analysis of the Mechanical Layout

2.1 Kinematics and Inverse Dynamics

2.1.1 Transformation Matrix & Input Torque at Disc

In order to express the kinematic behavior of the mechanism, first the movement of point A (see figure
15) needs to be identified, which lies in the center of the joint of the disc and the upper rod. For that,
a transition matrix R is created, to transform coordinates from the global (fixed) coordinate system
(x,y,z), which has its origin at the center of the disc, to the local coordinate system, that follows the
movement of the tilted disc, as shown in Fig. 15 — 16. The following direction cosines are defined in
Eq. 2.1:

R(i,j) = cos(e;, &) @.1)

where,
- &, 1s the unitary vector of axis i
- e/, is the unitary vector of axis i’
- (i,j) = 1,2,3, where (1,2,3) = (x,y, z) respectively

Figure 15: Global coordinate system xyz with unitary vectors €;, &, and position vector r, of point
A.

17



2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

Figure 16: Local coordinate system x’y’z’ with its unitary vectors and displacement angle 6.

If 0 is the angle of displacement of the disc, ® is the angular speed of the shaft and t is time, then the
transformation matrix is defined in Eq. 2.2.

( cos(6) cos (g -0 cos(wt)) cos (g +0 sin(wt))]
R = { cos (g +0 cos(a)t)) cos(—8 cos(wt)) 0 } (2.2)
Lcos (g + 6 sin(wt)) 0 cos(0 sin(wt)) J

The position vector of point A on its local system is 7, focal (0,15, 0) where 1, is the radius of the
disc minus the distance of the center of the joint of the disc and the rod from the outer ring of the disc.

The position vector of point A on the global system is:
7= R L7y 0% (2.3)

Angle 0, around global z axis can be calculated from the resulting position vector 7, with Eq. 2.4,
that correctly calculates the tangent for either negative or positive 74 y and ry  alike.

0, = atan2 (rAy,rAx) (2.4)

The input torque to the disc, was calculated with the following steps.

Torque M and angular velocity w are transferred through the shaft that create a force F on the jaw
shaft, as shown in Fig. 17-18, which in turn creates torque on the center of the disc.

18



2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

Figure 17: Disc and Jaw shaft representation.

2 1- 9

Figure 18: Free body diagram of slider (left) and disc with jaw shaft (right).

Neglecting the inertia of the jaw shaft:

i j k
Fx?=det||0 E E||=M=xi
0 n n

Shaft rotates around x axis and therefore no x component is created either for F or for 7.

(B, — Ery)i=Mxi
For vector 7:

1, = =1, cos(wt)

(2.5)

(2.6)

2.7)

19



2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

r, = —7.sin(wt)

where:

2.8)

- 1., 1s the radius from the shaft to the point where the jaw shaft meets the arc of the shaft

The components of the vector F are expected to have the expression shown in Eqs 2.9 —2.10, because

when one is at 0 value, the other is at its maximum value.
E, = ||F||a(wt)
S is
F = [|Flla(wt +3)

where
- a(wt), is the trigonometric number

S M
7 ==
c =>
M = —||ﬁ||a(wt)rc sin(wt) + ||ﬁ||a (wt + %) 1. cos(wt)

=>1=—a(wt)sin(wt) + a (a)t + %) cos(wt)

For the Eq. 2.11 to be true, the trigonometric number needs to be a(wt) = sin(wt), so:

E, = ||I3|| sin(wt)
E, = —||ﬁ||cos(a)t)

Now, for the resulting torque on the disc:

i j ok
Fx#'=det| [0 B E||=(Er —En)i+En)Dj+(—En)k
rxl ,ryl TZI

So:

For vector r':

ry = —1, cos(wt)
rZ

= —71, sin(wt)

(2.9)
(2.10)

@2.11)

(2.12)
(2.13)

(2.14)

(2.15)

(2.16)
2.17)

(2.18)

(2.19)
(2.20)

20



2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

where,

[, is the Jaw Shaft length

2.1.2 2D Analysis

Since point A moves on xz plane in this simplified version, then point A’ for the next piston-rod moves
on xy plane, since it has a phase difference of 90° from point A’s piston-rod. Therefore, the whole
phenomenon can be separated to two identical 2D ones, with a phase difference of 7 /2, starting with
a 2D analysis of the movement on xz plane, for only 1 piston-rod.

Using the kinematic analysis mentioned in [31], first the mechanism is sketched and modelled with
2D links (Fig. 19). Then the vector equivalent of the 2D link model is created (Fig. 19) from which the
loop closure equation is derived (Eq. 2.21).

T LA

@ -

Figure 19: 2D mechanism kinematic model and link equivalent.

13, 18 the length of link 3 (rod)

14, 1s the distance of the piston from the chamber end

15, 18 the vertical distance of the piston from the disc center

Tg, 1 the horizontal distance of the chamber end from the disc center
05, is the link 3 angle around global z axis

0, = m, is the link 4 angle around global z axis

05 = 3771, is the link 5 angle around global z axis

0¢ = 0, is the link 6 angle around global z axis

Position Analysis

The Loop Closure Equation of this mechanism model is:

' [cos(@z) ' [cos(93) , [cos(94) y [COS(GS) y [cos(96) —0

sin(6,) sin(63) sin(6,) sin(6s) sin(6)]

cos(8,) cos(03)] _ , [cos(a)
" [sin(94) E [sin(H:) =b [sin(a)

2.21)
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

where,

- b= \/(rzcos(ez) + rgcos(0s) + rgcos(6))? + (rysin(6,) + rssin(fs) + rgsin(bg))?
rysin(6,)+rssin(fs)+rgsin(fe) )
r,cos(6,)+rscos(0s)+rgcos(Hg)

- a= atan(

The unknows here are 65 and 7,4, so according to Vinogradov the necessary equations are provided in
Case 2 [31]. Therefore:

1, = b * cos(a—0,) — \/r32 — b2 xsin?(a — 6,) (2.22)
_ b x sin(a — 6,)
sin(63 — 64) = " =c (2.23)
b * cos(a—6,) —r.
cos(63 — 04) = (@=6)-m_, (2.24)
T3
0; = 6, + atan2(c,d) (2.25)

Velocity Analysis

Differentiating the LCE, the unknowns w3, which is the angular velocity of link 3, and v,, which is
the velocity of link 4 or of the piston, are encountered. The new LCE:

cos(6,) [—sin(93) b
V4 [sin(94) HRE cos(8s) | 3 = b, (2.26)
where,
- b, =1,5in(6,) w,
- b.y = T COS(Qz) ()
- w,=-0 ;:TOSin(a)t) W
Using the equations mentioned in Case 2, the unknowns are given by the following equations:
—b, sin(6,) + b'y cos(8,)
@s = r3cos(8; — 6,) (2.27)
B b, cos(6;) + by sin(63)
Va = cos(6; — 6,) (2.28)

Acceleration Analysis

The unknowns now are a,,, the angular acceleration of link 3 and a4, the linear acceleration of link 4
or piston.

Directly differentiating the expressions of w3 and v,:

—by sin(6,) + by, cos(6,) + 3 sin(03 — 6,) w#
rs = 73 cos(0; — 6,)

(2.29)
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

_ (bx + b‘y(l)3) COS(93) + (by - b.x(l)3) Sin(93) + U4(I)3 Sin(93 - 04)

cos(0; — 6,) (2:30)

ay

where,
- by =1, cos(0,) wf + 1, sin(8,) a,

by = 1, sin(6,) wi —r, cos(6,) a,

= _p 2
- a, = Hlsocos(wt)a)

Dynamic Analysis

For the dynamic analysis, the free body diagram for each link is made, and then d’ Alembert’s principle
is applied to create a system of equations in order to find all forces acting on the mechanism, and also
the output force of the mechanism, piston force Fy. The input on this 2D simplified model is considered
as the torque M, = My, acting on the center of the disc.

A Coefficient of Mass (COM) is introduced, such that when COM = 0, no inertia forces are included
while the opposite holds true for COM = 1. This enables to first solve the system for COM = 0, and
verify the propriety of the model.

Link 2:
F3
Fizg + Pog —Foog =0 (2.31)
Fizm + Pon = Fazy =0 (2.32)
l l
My = Fiop s = Frop5 =0 (2.33)
Link 3:
F,
F23:€ + P3,f - F4-3€ =0 (234)
Faan = Fan = Fazy =0 (2.35)
Iy L
M3,I - F23,17 E - F4.3,77 E =0 (236)
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

Link 4:
—Fug = Pogt =0 (2.37)
AF;
. 5 F34_‘n + F14n =0 (238)
Piz «—|o ,,.F_-;-_
5
Equating the forces between the links:
Fyps = F3;
[cos(93) [—sin(93) [cos(@z) [ sin(6,)] _ 0
Fasg in(63) 231 | cos(63) Fazg sin(6,) Fazy, cos(6,) 1~ (2.39)
Fys = Fay
— _F [cos(93) B [—sin(93) [cos(94) [—sin(94) —0
- 434 [ sin(65) 431 | cos(63) 34¢ [ sin(8,) 34| cos(6,) |~ (2.40)

Formulating the 12 equations above a linear system stated in Eq 2.41 is created.
[A] * F = [B] (2.41)

The inertial forces are calculated with Eq. 2.42.

Pig [Z‘fﬁg? [ CZLrl(%e))] [P ] - [:gg% ﬁ;] (2:42)

where,

- my, is the mass of link i

- X, 9, are the c.g accelerations of link i in direction of global axis x and y respectively
The x and y c.g positions:

2

Tegx, = Ecos(ez) (2.43)

r .
rcg,yz = 751n(92) (2.44)

T3 T3
Tegas = T2 cos(6;) + 7cos(93) = 2Megx, + ?cos(93) (2.45)
. T3 . r3 .

Tegys =12 sin(6,) + 351n(93) =Tegy, + 551n(93) (2.46)
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

The c.g accelerations occur after differentiating the Eq. 2.43 — 2.46 2 times, and are shown below (Eq.
2.47 —2.50).

Gegr, = = = (c05(6,) w3 + 5in(0,) ) (2.47)
Acgy, = 2_2(_ sin(6,) w; + cos(6,) ayz) (2.48)
ey = 2acg, — = (c05(605) w3 + 5in(0:) @y ) (2.49)
Acgy, = 20cgy, + 2—3(— sin(03) wf + cos(63) ayg) (2.50)
Also, the inertial torque of link 3:
M;; = —COM * La,, (2.51)

where,
- I3, is the moment of inertia of link 3

the inertial torque of link 2 is not included because its motion is rotational and therefore only either
the linear or the rotational inertial forces or torque should be used. In this case, the linear inertial forces
are used.

2.1.3 3D Analysis

For the 3-dimensional analysis, the mechanism’s vectorized equivalent is the same as in 2D analysis,
with the addition of the movement in the yz plane (Fig. 20). Since movement in xy plane is identical
to that in xz, with a time difference of /2, the kinematic behavior is analyzed only for one of the two,
while now also movement outside of the original motion’s plane is incorporated.

Figure 20: 3D Mechanism kinematic model link equivalent of yz plane motion.

- 0, is the link 2 angle around global y axis
- 05,, is the link 3 angle around global y axis
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

Position Analysis

The Loop Closure Equation of this mechanism model is:

cos(6y,y) cos(6y) cos(63,,) cos(63) cos(6,) cos(6s) cos(6)
Ty cos(@z,y) sin(6,) | + 3 cos(93,y) sin(03) [ + 74 | sin(6,) | + 75 | sin(8s) | + 76 sin(96)] =0
sin(6,,,) sin(63,,) 0 0 0
cos(6,) cos(93,y) cos(63) cos(ay) cos(a) b,
=> 1, |sin(8,) | + 73 | cos(6s,) sin(83) | = b | cos(a, ) sin(a) | = | by (2.52)
0 sin(63,) sin(ay) b,

where,

=T cos(@z,y) cos(8,) — rs cos(Bs) — 1 cos(6g)

b, =
- b, = —1,c0s(6,,) sin(6,) — 75 sin(fs) — 74 sin(H)
- b, =-— sin(@z,y)

- b=.b2+bp+b?

- a = atan2(by, b,)

- a = atanZ(bz,by)

The unknows here are 83 and 73, so according to [31] the problem is described in Case 2. Angles 6, ,, ,
83, can be calculated using the global position vector of point A to describe 63 and link 3 coordinates,

resulting in the expressions shown in Eq. 2.53 — 2.55. Angle’s 65 expression credibility was evaluated
using the 2D resulting one, and was found that its correct. It will only be used though to calculate 65,
in order to simplify the expression of the LCE.

_ <r5 -1, sin(@z))
65 = asin

- (2.53)
62y = atan2 (1,74, (2.54)
05, = atan 2(—1, , 75 cos(6s)) (2.55)

Since expressions for the 3D analysis unknowns are not included in [31], the same principle used to
derive the expressions for the 2D analysis is followed. Eq. 2.52 is multiplied from the left with vector
v, = [—sin(8,),cos(8,), 0], perpendicular to 7, such that:

cos (93,3,) cos(63) cos(ay) cos(a)
r3[—sin(8,) cos(6,) O] cos(93,y) sin(03) | = b[—sin(8,) cos(6,) O] cos(ay) sin(a)
sin(93,y) sin(ay)
=>r13 cos(93,y) sin(6; —6,) =b cos(ay) sin(a — 6,) (2.56)

26
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Then, Eq. 2.52 is multiplied from the left with vector v, = [cos(6,),sin(8,), 0], parallel to 7, such
that:

1, + 13 cos(63,) cos(83 — 6,) = b cos(a, ) cos(a — 6,) (2.57)

Raising Eq. 2.56 and 2.57 to the power of 2, and adding them together results in:

(r3 cos(85,))" = (b cos(ay) sin(a — 6,))" + (b cos(a,) cos(a — 8,) — 1)’

=>1, = bcos(a,) cos(a—0,) F \/(r3 cos(63,))" — (b cos(ay) sin(a — 6,))°  (2.59)

And for 85, solving the Rq. 2.56 and 2.57 for sin(8; — 8,) and cos(8; — 6,) respectively, results in:

b cos(ay ) sin(a — 6,) bcos(a,)cos(a —6,) - r4> (2.59)

6. =6 2 )
3 = 0t atan ( 13 cos(6s3,) 73 cos(6s,)

Velocity Analysis

Differentiating the LCE, the unknowns w3, which is the angular velocity of link 3, and v,, which is
the velocity of link 4 or of the piston, are encountered. Also, w, y and w3 » angular velocities of link

2 and 3 around global y axis are encountered. For the latter, either expressions that match the resulting
behavior of 6,, and 65, need to be found, or the data obtained for these angles during Position
Analysis to be differentiated. The second option was followed, so the new LCE:

cos(8,) — cos(6s,y) sin(65) —sin(63,,) cos(6s) b,
VU, [sin(94) + 75| cos(63,)cos(83) |ws + 73| —sin(6s,) sin(83) w3, = by,| (2.60)
0 sin(63,,) cos(63,) b,

where,
by =1, (sin(ez,y) c0s(6,) w,,, + cos(8y, ) sin(6,) wz)
- By =1 (sin(@zly) sin(6,) Way, = cos(Hz,y) cos(6,) wz)
b, =

— cos(@zly) Wz,

Multiplying Eq. 2.60 with v from the left, results in:

r3w3,, sin (93y> sin(6; — 6,) — b, sin(8,) + by cos(6,)

Wy = 2.61)
T3 COS (Hgy) cos(6; —6,)
Multiplying Eq. 2.60 with 3 = [— cos(63),sin(63), 0], perpendicular to 73, results in:
_ Vsws, sin (93y) + b, cos(6s) + b'y sin(63) (2.62)

Ve = cos(6; — 6,)
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Acceleration Analysis

The unknowns now are a,,, the angular acceleration of link 3 and a,, and the linear acceleration of
link 4 or piston. Also, unknown is the angular accelerations of link 3 and 4, a, y and a; »’ around global

y axis. To calculate them the same principle as in velocity analysis was followed, by differentiating
the data obtained for w, y and w; y- Directly differentiating the expressions of w3 and v,, results in:

1 .
Ar, = — (93}/) cos(Bu — 01 (r3 [ngwgy sin (Hgy) cos(6; — 0,)
+ cos (93y) sin(6; — 6,) (w32 + a)3y2) (2.63)

+ a,, sin (03y) sin(6; — 04)] — by sin(6,) + by, cos(94))

a, = —cos(H;l " (v4a)3 sin(6; — 0,) + 13 (a3y sin (93y) + a)3y2 cos (933;))

(2.64)
+ b, cos(63) + b"y sin(63) — byws sin(03) + bya)3 cos(93))

where,
- by=m, (cos(@z,y) cos(6,) a)zyz + sin(@zly) cos(0;) ay, — 2 sin(ezjy) sin(6,) wyw,, +
+ cos(8,,,) cos(8,) w,? + cos(8,, ) sin(6,) az)
- b"y =1 (cos(HZ,y) sin(6,) a)zyz + sin(@zjy) sin(6,) a,, — 2 sin(szy) cos(0;) wow,, +
+ cos(@zjy) sin(6,) w,? — cos(@zjy) cos(6,) az)
- b, =sin(6,,) wzyz — cos(6,,) az,,

Dynamic Analysis

For links 2, 3 and 4, simply 2 equations to each link’s 2D dynamic analysis were added, corresponding
to equilibrium along vy axis and torques around n axis.

Link 2:
Fioy + Poy — F32,, =0 (2.65)
Mizy + Fioy %2 + F3oy %2 + F12,zp%2 =0 (2.66)

Link 3:
Fasy + Psy — Fazy), = 0 (2.67)
Bw%+&w%=o (2.68)

Link 4:
Faap — F14¢ =0 (2.69)
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Equating the forces between the links:

Fp3 = F3,
cos (93y) cos(63) _in(6) sin (933;) cos(63)
=> Fy3¢| cos (93y) sin(63) | + Fz35 | cos(83) |+ Fasy | sin (93y) sin(63)
[ —sin (Hgy) J 0 cos (933/)
cos (92y) cos(6,) _sin(8)
— Fp¢ | cos (sz) sin(6,) | — F32, | cos(6,) ] (2.70)
—sin (92y) 0
[sin (sz) cos(@z)]
—F5q [ sin (923,) sin(6,) | =
[ cos (sz) J
Fi3 = F34
[cos (93y) cos(03)] _sin(8) [sin (03y) cos(93)]
=> —F3¢ | cos (03y) sin(63) | + Fu3, [ cos(8s) | — Fazyp | sin (03y) sin(63) |
[ —sin (933/) J 0 [ cos (93y) J (2.71)
cos(6,) —sin(6,) 0
+ Faag [sin(()&,)] — F34, [ cos(gt94,) + Faay l(l)l =0

The inertial forces acting on y axis as well as torques around n axis were considered negligible, as was
evident that there is little to no movement either towards y axis or around 7 axis.
The equations involved in the system stated in Eq. 2.41 are now 19.

After obtaining the output force of cylinder 1, the output force for each cylinder can be calculated. just
by time shifting the results for cylinder 1 accordingly. For cylinder 3, the shift is 180 degrees, as when
cylinder 1 is in the far-left position, beginning to push fluid, cylinder 3 is in the far right, beginning to
suck fluid. Cylinders 2 and 4, are shifted by 90 and 270 degrees respectively.

The Jaw Shaft is able to vary its angle due to the centrifugal mass attached to it. To maintain its rotary
motion at a specific angle 8, sufficient centripetal force from the disc must balance the centrifugal
force acting on the Jaw Shaft. Torque created by the centrifugal force is always opposite to the torque
provided to the mechanism, and since the direction of this torque is always changing, its profile was
modeled as two individual torques acting on y and z axis respectively.

When the mechanism is at its initial position, torque from the centrifugal force is maximum around z
axis, and after the Jaw shaft rotates 90 degrees, its maximum around y axis. This can be seen in Fig.
21.
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v }-:F'

(a) (b)
Figure 21: a) Beginning position of the mechanism and b) Position after 180 degrees, displaying the
centrifugal force acting on the Jaw shaft.

The expressions of the two torques that satisfy what was previously mentioned are as follows:

Mcp,z = Mcp COS(O)t) (2.72)
Mpy = —Mp, sin(wt) (2.73)

where,
M., = mw?n * 1y = mw?l;* sin(8) cos(0), is the centrifugal torque norm

During operation, power is transmitted to the fluid only during the first half of piston movement, while
it has positive velocity. While the piston is returning, no external force acts on it but the disc needs to
provide sufficient torque, M,., to balance the inertial forces for both returning and compressing piston-
rod. Therefore, for each couple of cylinders, this torque would need to be subtracted from the input
torque M,, or M, in order to solve for the actual torque creating the piston force.

This is done by solving the already created system from the dynamic analysis, but changing the output
force to 0 and considering the input torque unknown. Then, the necessary torque M, is obtained.

The new curve for the torque that needs to be provided at either cylinder couple showed not only a
magnitude change but also a phase change, with torque needed sooner than provided. This means that
at zero velocity positions, far-left and far-right, the mechanism has insufficient torque to maintain
motion and becomes unstable, even without a load, due to the additional centrifugally induced torque
that tends to increase the displacement angle 0 indefinitely. This torque can’t be substracted from the
original torque provided as previously mentioned. What needs to be done is the following.

For this mechanism to work, an additional element is needed to apply sufficient torque at the extreme
positions. Best suited element for such case, is a torsion spring, since the more it gets displaced the
higher the torque acting as a reaction. Additionally, it’s an element that doesn’t dissipate energy but
rather stores it, and so it won’t compromise the efficiency of the CVT.
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The resulting forces and velocities on each piston, result in pressures and flow rates at the fluid, which
are given in Eqs. 2.74 — 2.75 respectively.

F;
= (2.74)
Qi =Uu; * A (275)

where,
D2 .
- A= Tp, is the piston area

- Dy, is the piston diameter

2.2 Pelton Turbine

The functionality of a Pelton turbine is governed by Egs. 2.76 — 2.77.

C1

]
g
=

Figure 22: Velocity triangles at inlet and outlet of Pelton turbine [source: web].

Uy

=Up; —U (2.76)

where,
- 1 =(1:4), corresponds to the cylinder number
- Uy; = (y;, is the fluid speed at the exit of the nozzle and the inlet of the turbine
- u = U, is the linear speed of the buckets due to rotation of the turbine
- Up; = Wy, is the relative velocity of the fluid at the inlet of the turbine

Vw; = Vr; cos(@) —u (2.77)

where,
- @, is the angle of deflection of the fluid, describing its exiting direction
Dy ;> 18 the horizontal component of fluid velocity at outlet, Cy;
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From Eqs 2.76 —2.77 and the velocity triangles in Fig. 22, it is deduced that if v,,; < u, then v, <0,

which means that the fluid can’t reach the cups of the turbine for those velocities. Therefore, the
following condition is applied to the above in order to tackle the apparent slowing of the turbine.

C(Vn U Vp; > U 578
Uri_{ 0, Up; <U (2.78)

The force acting on the buckets:
F; = in(Uni + vwi) (2.79)

where,
- p, is the density of the fluid
- Q,, 1s the flow rate of the fluid

When Up; < U, the force should be zero. As a result, the nozzle velocities are converted such that:

Vno VUp, > U
Un; ={ 0. po<u (2.80)
] ni
This ways, its ensured that acting force will be zero, given that:
F; =in(vni+vwi) =pQi(u—u)=0 (2.81)
The torque produced at the shaft of the Pelton:
D
M; =F,— (2.82)
2
where,
- D, is the diameter of the Pelton turbine runner
The total torque produced at the shaft of the Pelton:
4
Mpelton = Z M; (2.83)
i=1

The fluid exits the CVT and enters the Pelton turbine via 4 different nozzles, corresponding to each
cylinder. This is necessary because as mentioned in the beginning of this chapter, Pelton is an impulse
turbine, and therefore only exploits the kinetic energy of the entering fluid.

The fluid however, has both kinetic and potential energy, resulting in a need to also convert the latter
to kinetic energy. A fixed neck diameter nozzle will not work well due to the fact that the incoming
fluid has a varying velocity and flow rate. A typical nozzle used in Pelton turbine applications is shown
in Fig. 23.
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Figure 23: Typical nozzle injector of Pelton turbine [source: web].

The spear typically controls the flow and inlet velocity according to the energy needs, the available
pressure difference and to keep the runner at its optimal speed. In each cycle of operation, the inlet
velocity usually doesn’t change. For a CVT though, the inlet velocities vary significantly, and thus
resulting in a more demanding operation of the spear.

Ideally, in each cycle all 4 nozzles would be able to vary their neck diameter dynamically. Since this
is not easily possible, and it would momentarily result in a need of very small diameters, the nozzles
are expected to maintain a certain neck diameter for the duration of a cycle of operation. Depending
on the pressure difference, the nozzles will change the surface ratio between the neck surface and the
piston surface, to best utilize that difference.

The mechanism at its design points is specified such that apart from energy losses, most potential
energy is converted to kinetic energy, with the appropriate surface ratio being enforced by the spear.

For 1 nozzle, with constant velocity v, the optimum linear velocity for the Pelton turbine is u = v/2.

This comes as result of demanding the derivative of Pelton efficiency to be 0 and thus obtaining the
value that corresponds to maximum efficiency.

Pelton efficiency is described as:

Mw

=-0 (2.84)

Mp
where,
- M, is the torque produced at the shaft of the turbine
- w, is the turbine angular velocity
- p, is the total pressure of the fluid and
- @, is the flow rate of the fluid
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This expression can be simplified by substituting the expressions of each element, such that:

_ F%w _ u,DQ(Un + vw) _ u(vn + (vn - u) COS((P) - u)

My = =
%UnZQ ’[Zlvan %Unz
(1 + cos(@))v,2u — (1 + cos(@))u?v,
2 Vn
v, u — u?
=>1p = (1 + cos(p)) ——— (2.85)
2 n

If the optimal value for u is now substituted, then:

_ (1 +cos(9))

n, - (2.86)

Meaning that maximum efficiency depends only on deflection angle.

For 4 nozzles, the expression of the Pelton efficiency is too complicated and therefore is better to
differentiate the output power Py ¢y, Since the denominator of 7,,, doesn’t have a u term.

4
Poutput = z M;
i=1

4
=> Poutput = pAn(1 + cos(p)) Z(vnizu — u?vy,) (2.87)
i=1
dpoutput -0
du

=> (V2 = 200, u) + (V0,7 — 20p,u) + (V.2 — 200u) + (V0,2 — 20p,u) =0

10,2 + 1,2 + 1.2 + v, )2
=>y=———1 "2 "3 N4 (2.88)
2 vy v, F U Ty,

Because the inlet velocities vary during each cycle, the target linear runner speed u is:

1 vnlz + vnzz + vn32 + vn42

— (2.89)
2 vp, t U, F U, U,

To calculate the necessary surface ratio Ly, using the Bernoulli equation, the following form is reached:
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2
P (Api p 2
2 ( Ap l ”p,i) ) (Laivpi)” =P (2.90)

n,i

Since there isn’t an expression of the actual pressure, a Least Squares optimization is conducted to best
fit the approximate pressure profile, pgproxi» to the actual one.

To account for energy losses due to friction, turbulence, and shock waves, a velocity coefficient c,, is
used. The nozzle velocities will then be:

Upi = Cyln, (2.91)

The values for c,, are obtained using Figure 24.

ISA 1932 Nozzle

1 t03
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Figure 24: Discharge Coefficient ¢, vs diameter ratio d/D [32].

At constant engine input or load demand, the output torque from Pelton is considered to be M,,; =
M, ei1t0n- The torque acting on the Pelton shaft will then be My = My,e110n — Moy

As a first step to evaluate that the turbine is able to maintain the desired rotational speed, a Fourier
transform is used to find an expression for Mt, to use in a Laplace transform of the dynamic equation
of the turbine, so as to calculate the time response. Dissipation coefficient is not included.

The dynamic equation:

Jo =M,
=>L<Jo>=L<M, >
=> J(w(s)s — w(0)) = M(s)

M. (s) +Jw(0)

=> w(s) = 7s (2.92)
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The inverse Laplace transform of this expression results in the time response of Pelton’s rotational

speed,  starting  with My = Mye110n, and at  w(trans) = Zopt transitioning  to

D/2’°
M, = Mpelton — Moyt-

2.3 Direct Dynamics

The direct dynamics analysis aims to evaluate if what is stated in kinematics and inverse dynamics is
feasible. A local coordinate system Envy is introduced, such that follows the movement of the rotation
of the Jaw shaft, as shown in Fig. 25. This leads to a differential equation for 8, by expressing the
dynamics of the system around 1 axis, and thus obtain its time response.

—

Figure 25: Local coordinate system used in direct dynamics analysis.
The differential equation for 8:

JO + O + kO = My + M, + M, (2.93)
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where,

- Ml-nputn, is the 1 component of input torque
- Mcp", is the n component of torque due to centripetal force, and
- M,",is the n component of torque due to the load applied on the pistons

To fully express the system’s dynamics, movement around & and y axis needs to be taken into account
as well. Since 2 ball bearings are involved between the Jaw shaft and the disc, no rotation or torque is
exchanged between them. Energy from the Jaw shaft is converted to heat inside the bearing’s walls.
As for y axis, there is no movement around it as it follows the rotation of the Jaw shaft and any
movement would mean that it flees the slider. This is crucial to the direct dynamics analysis as the
differential equation regarding this movement yields the torque demanded by the disc, to balance
inertial forces and most importantly, the load.

Since there is no movement, the differential equation around  axis is actually an algebraic equation
(Eq, 2.94), from which the needed torque M,. is derived, as previously mentioned, and since M; torque
is provided by the input shaft, that means there is a differential equation at play, involving these 2
torques, which is the differential equation of w. So w will not be constant until these two torques are
equal.

0= Mippue? + Mg,¥ + MY (2.94)

To obtain the transformation matrix for this new coordinate system the same principle as in Chapter
2.1.1 is followed. Some of the angles of the direction cosines between the global and local axis change
plane during a cycle of operation and therefore expressing them was challenging. The resulting matrix
is shown in Eq. 2.95, while some of its components are shown separately in Eq. 2.96 — 2.97 for
convenience.

cos(0) a(wt) a (a)t — g)
Rp = cos (g) cos(wt) cos (wt — %) (2.95)
cos (g — 6) Blwt) B (wt — g)

T sin(wt
a(wt) = cos 5~ asin —;1) (2.96)

L tan?(0)

sin(wt) (297)
1

tan? (% — 9)

The local torques of My;p,y¢, M, and E can now be calculated. For the latter, expressing it in the

T
B(wt) = cos 5 asin| —
1+

global coordinate system is needed first. To do so, the following steps are taken.
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

Step 1:

For each piston, disc angle 8, is first calculated (Eq. 2.98), with regard that the initial position of the
mechanism is now —m /2 displaced from the one in kinematic analysis, with the Jaw shaft towards
negative z global axis.

T T
620 = Osin (a)t —5 - 1)) (2.98)

Step 2:
Differentiating Eq. 2.98, the disc angular velocity for each piston-rod pair is obtained (Eq. 2.99).

wy; = —0 cos <wt - % (i— 1)) (w+ a,t) —sin (a)t — g (i — 1)) 0 (2.99)

Step 3:
Each rod’s angle is calculated (Eq. 2.100).

H—r, Sin(gz,i)> (2.100)

05, = asin(
) l3

Step 4:
Differentiating Eq. 2.100, the angular velocity for each rod is obtained (Eq. 2.101).

_Tz COS(ez'i) (l)zli/l3

jl <H 7, sin(92_i)>2 (2.101)
_ ;

The displacement of the pistons is calculated. First, the reference angles are denoted as 8, = % and

W3; =

Step 5:

H—T'z Sin(gzio)

030 = asin( ), so that displacement is measured from the neutral position of the disc.

3

Then, to calculate the displacements, Eq. 2.102 is used, formulated according to Fig. 26.

_ { T, cos(@z,i) + I3 (cos(63,0) — cos(93,i)) , Oy <m/2 (2.102)

-1, sin(@z,i) + lg(COS(eg’O) - cos(93,i)), 0,; >m/2
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

Step 6:
The velocities of each piston are calculated (Eq. 2.103).

- {—rz sin(8y,;) wy; — l3sin(03;)ws; , 0,; < /2
Y -y c0s(0,) wa; — lgsin(6s))ws , O > /2

Step 7:
The gauge pressure acting on the fluid from each piston is calculated (Eq. 2.104).

1 2
pi = EP(LA,ivi)
Step 8:
The force acting on each piston is calculated (Eq. 2.105).

F ={0, vi<0
pi piA,Ui>O

Step 9:
The torque created from the load from each piston is calculated (Eq. 2.106).

Mipaq; =15 c0s(03;) Fyy;

Step 10:
Finally, to calculate the total torque from the load, Eq. 2.107 and 2.108 are used.

zZ _
Mload - Mload,l - Mload,3

Yy _
Mload - Mload,z - Mload,4-

Therefore, the expression of the load torque in the global coordinate system, is as follows:

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)
(2.108)

(2.109)
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Figure 26: a) Link representation of the disc and one of its rods, b-c) displacement due to disc rotation and d-
e) displacement due to rod rotation and movement.

Torque M_C; is simplified in the expression shown in Eq. 2.110.

0
M—cz; = [— cos(wt) | (mpw?r,) (2.110)

— sin(wt)

Torque M,y is simplified in the expression shown in Eq. 2.111.

M,
r .
- t
Mppye = | tan(6) sin(wt) (2.111)
s
tan(@) cos(wt)

The input torque M; in Eq. 2.111 has been substituted with M,.. These two torques, govern the behavior
of w, in the differential equation shown below.

Jiw = M; — M, (2.112)
where,

- J1, 1s the input shaft’s moment of inertia
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

To obtain M,., Eq. 2.94 was solved symbolically, and the expression of M,. was substituted inside the
solver. Furthermore, due to the need of w inside the solver, as shown in Eq. 2.99, it was introduced as
a variable a,,, that needs to satisfy Equations 2.113 —2.114.

O =a, (2.113)

M; — M, (2.114)

The solution of the above system of differential algebraic equations (DAE) took place in MATLAB,
with incorporation of one of MATLAB’s nonlinear differential equation solvers, odel Ss.

Odel5s function solves first degree systems of differential algebraic equations, so Eqgs. 2.93, 2.113,
2.114 were formulated to the system shown in Eq. 2.115, by substituting 8 = x;, 8 = x,, @ = x5 and

(l):x4.

( dx;
P
de _ (Minputn + Mcpn + MLU) - sz - kx1
dt ]
2.115
< dxs ( )
M
Ml _Mr
k O=nm T

Due to the extremely large and unnatural input torque M; below a certain angle 6.,;¢, as the unbalance
radius 7, that is involved in the creation of input torque in the disc goes close to 0, at 8 < 6.,y = 2°,
the Heaviside function was introduced, to keep it from reaching 0. This is shown in Eq. 2.116.

1. = l; sin(@) heaviside(0 — 0.it) + 17 sin(Osit) (1 — heaviside(6 — Hm-t)) (2.116)

2.4 Optimization

The goal is to identify the design variables of the mechanism as well as the values that lead to the best
overall efficiency, while respecting the restrictions set by size and feasibility.

The Design Variables where chosen to be as follows:

- x1 =1;[m], Jaw Shaft length

- X, =1, [m], Discradius

- x3=1I3[m], Rodlength

- x4 =0 [deg], Angle of displacement of Disc

- x5 =my [kg], Centrifugal Mass

- x¢ =h[m], Height difference of Disc-Rod Joint from Piston Chamber
- X7 =D, [m], Piston Diameter
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

Mechanism restrictions were based on the fact that the CVT is expected to have dimensions similar to
those of a typical gearbox of the industry. The MQ200-6F was selected, that the Seat Ibiza Fr is
equipped with, a relatively typical car with an engine of 105hp. The dimensions are shown in Table 1.

Length | 0.55m
Height | 0.44 m
Width 0.39 m
Table 1: MQ200-6F dimensions

The Design Points at which the optimization process took place are (M,w) =
(100,100), (200,200), (200,300) [Nm,r/s], since they best represent the behavior of the torque
plot of a typical 105hp petrol engine (Fig. 27).

Figure 27: Power and Torque vs shaft rotational speed for a 105hp seat Ibiza Fr engine.
The objective function was chosen as shown below:
minF = (1 —r)? (2.117)

where,
- T =Tyt * Npeitons 18 the overall ratio
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

From Inverse Dynamics Analysis, for various geometries, it was deduced that 1.,/*** < 0.9, due to

the x component of torque that is lost at the bearing and the torque spent to maintain the rotary motion
of the Jaw Shaft, and 1,¢1¢0n " < 0.8, due to the non-constant velocity of the entering fluid from the
nozzles. Therefore, the feasible maximum overall efficiency is roughly 0.72, and so values greater than
that are not expected.

The constraints of each Design Variable (D.V) as well as the overall spatial constraints occurred for
the extreme positions of the mechanism, shown in Fig. 31.

For each design variable, the constraints were also determined based on kinematic limitations, and can
be seen in Table 2. For instance, D.V’s 6, as well as h max and min values were chosen with regard
to the otherwise occurring mechanical instability, with link velocities and accelerations having chaotic
response, as shown in Fig. 28, and resulting forces to abruptly increase or decrease (Fig. 29).

min D.V max
0.1 x1(17) 0.34
0.06 X5 (1) 0.17
0.03 x3(13) 0.3
2 x4(0) 30
0.1 xs5(my,) 1
-0.02 X (h) 0.02
0.03 x7(Dp) 0.07

Table 2: Design variables constraints

600
3 93
400 8000
6000
200
- G 4000 2
E. E NE 0 \JE
= 3 2000 o
=200 |
[ 0
=400 -2000
. -600 -4000
0 90 180 270 360 450 540 630 720 0 90 180 270360450540 630 720
Input Shaft angle [deg] Input Shaft angle [deg]
(a) (b)

Figure 28: a) velocities and b) accelerations of link 3 and 4 for h greater than its limits.
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Figure 29: Force produced by one piston for h greater than its limits.

The constraint for design variable m,,, was obtained as a logical range for it not to significantly reduce
performance but also be able to effectively vary the displacement angle 6. Design variable D,,, was
also constrained in a logical space for the pipes leading to the Pelton turbine to be at an appropriate
size. Lastly, design variables [,, [, and [; were constrained based on the overall spatial constraints.

There are two spatial constraints. One for each extreme position of the mechanism (Fig. 31, 32 — 33).
The first addresses the horizontal restrictions, and results in Eq. 2.118.

1, + h) — 1, cos(O
0.05 + I; + 1, sin(B,45) + I3 COS <asin <( 2+ h) lz ( max))) <0.55—¢
3

X + x5,(1 — cos(6
=> x; + X, Sin(Bpgy) + X3 COS <asin< o + %2 - ( m“"))>> <045  (2.118)
3

where,

- & = 0.05m, is a tolerance coefficient

The second spatial constraint addresses the vertical restrictions, and after careful consideration of all

possible scenarios, extremes of which as shown in Fig. 32 — 33, it can be summarized as flow chart
shown in Fig. 30.
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[ iy |
y )

%Xy <X
h 4 Y
X1SI0(Opay) - (X o+ Xg) X5 —
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Figure 30: Flow chart of vertical spatial constraint.
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Figure 31: Design variables of the mechanism at maximum distance horizontal configuration.
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max

Figure 32: Mechanism maximum vertical configuration with chambers at maximum distance.

TIPS

r
&

Figure 33: Mechanism maximum vertical configuration with disc at maximum distance.
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2. DYNAMIC ANALYSIS OF THE MECHANICAL LAYOUT

After finding the optimal geometries for the three design points, their credibility was evaluated using
the direct dynamics analysis mentioned in the previous chapter.

The algorithm used for optimization is Pattern Search, which does not require a gradient. Its main
principle is to begin from an initial guess data set for the design variables, and then for each couple, a
mesh to be created around it. Four neighboring points are chosen and the design variables update to
the ones that have the smallest objective function value, as shown in Fig. 34.

Then, the mesh is refined and the procedure repeats. After optimization goals are reached, the
algorithm moves to a new couple of design variables and the process is repeated until optimization
goals are met for every design variable.

Obje ctive Function Values at Initial Point and Mesh Points

3
inimal point x0
Mesh points
A 56347
25
2
4 45146 O 4 6347 O 4.782
1.5
1
A 36347
05

1 \ 1.5 2 25 3 35

First polled point that improves the objeciive fndiion

Figure 34: Pattern Search algorithm procedure. Axis x and y each correspond to a design variable. [source:
web].
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3. Results

3.1 Kinematics and Inverse Dynamics

3.1.1 Mechanism Motion

The resulting 3D form of the motion of point A is shown in Fig. 35a. For better understanding, Figures

36b and 37 show point A path of movement on xy and xz, yz plane respectively.
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Figure 35: a) Point A spatial movement and b) xy path.
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Figure 36: a) Point A xz path and b) yz path.
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It’s clear that point A, and all three other piston-rod respective points for that matter, mainly follow a
curved path on their main movement plane. For instance, point A’s piston mainly moves on Xy plane.
While there is also movement on xz plane, its magnitude is one order smaller than the magnitude of

Xy movement, meaning that the simplified 2D analysis is indeed a good approximation of the
phenomenon.

For the initial position of the disc shown in 2.1.1, the angle 8, around global z axis from the Eq. 2.4
results in the expression:

T
0, = > + 0 * cos(wt) (3.1

meaning it oscillates from vertical position (90deg) with 6 amplitude.

3.1.2 2D System

The operation point was chosen to be (M, w) = (100 Nm, 100 r/s), and the geometric elements as
shown in Table 3a. The 2D analysis was conducted to verify the correct expression of the kinematic
elements of the mechanism as well as the credibility of the dynamic system of equations, and therefore
does not yet include the centrifugal mass or the spring. For the calculation of inertial forces and
moments, the necessary elements were chosen to be as shown in Table 3b.

[, 0.2m m, 4.5 kg

o= TR

Z 20516% m, | 0.01kg
(a) (b)

Table 3: a) Values of geometric elements (2D) and b) Values of link masses (2D)

The angles of link 2 and 3 with respect to input shaft angle, are shown in Fig. 37.
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Figure 37: a) Disc angle 8, and b) Rod angle 63, (2D).
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Additionally, link 2 and 3 xy movement can be seen in Fig. 38, for their two extreme points, at 0 and
180 input shaft angle. The red line represents link 2, the green one link 3, and the blue lines are the
vectors needed to close the loop for the kinematic equation. The black lines represent the chamber
walls.

0.2 0.2
0.18 r & 0.18
0.16 1 016 [
0.14 - 1 0.14 |
0.12 1 1 012 |
01 b — 017 P
0.08 r i 0.08 |
0.06 r 1 0.06
0.04 - ] 0.04 |
0.02 - 1 0.02
90.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 [—)0‘2 —O.‘15 —0“1 —0.‘05 0 D‘(‘)5 0j1 0‘115 0.2
(a) (b)
Figure 38: Simplified representation of link 2 and 3 xy movement at a) 0 degrees and b) 180 degrees input
shaft angle.

The velocities of the piston (link 4) and rod (link 3) are shown in Fig. 39a. It is observed that rod’s
angular velocity oscillates with twice the period of piston’s velocity. The accelerations of piston and
rod are shown in Fig. 39b.
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Figure 39: Piston and Rod a) velocities and b) accelerations, (2D).

The resulting piston force for COM = 0 is shown at Fig. 40a. At the mechanism’s extreme positions,
the force 1s 0, and it is at its maximum value when the disc passes from its neutral position. This force
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profile concerns the implementation of only one piston. In reality, no force is exerted during the
returning phase of the piston, but for this simplified 2D analysis this behavior can be used to include
power produced by the force acting on the opposite piston, that is not included.
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Figure 40: a) Piston force at COM = 0 and b) Output power, disc input power and their ratio, (2D).

In Fig. 40b, the output power as well as the disc input power and power ratio are shown. From this
graph the correct expression of all the elements and equations used in this analysis is confirmed, with
the disc input power being equal to the output power, and their ratio being always 1.
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Figure 41: a) Output power, Overall input power and their ratio and b) Piston force at COM =1, (2D).
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In Fig. 41a, the output power is now plotted together with the overall input power as well as their
power ratio. The ratio is not always 1, which is expected since only two of the actual four pistons of
this mechanism are utilized, and therefore only one of the two input torque components is included.
The power ratio gets closer to 1 as more pistons are introduced.

The piston force profile for COM = 1 is shown in Fig. 41b. It starts from negative values, meaning the
acting force is opposite to the piston movement. Realistically, this means that there is no sufficient
torque in the disc extreme positions to overcome the inertial forces. This result lead us to the

incorporation of the torsion spring, mentioned in Chapter 2.1.3.

3.1.3 3D System

To compare results with the 2D analysis, the same operation point was chosen, (M,w) =
(100 Nm, 100 r/s), as well as the geometric elements, and are shown in Table 4, along with the extra

needed parameters.

[, 0.2 m
Ty 0.1m
L5 0.05 m
0 20 deg
my, 0.1 kg
h 0
D, 0.07m

Table 4: values of geometric elements and parameters (3D).

The masses of the links are also the same as in the 2D analysis (Table 3b).

The angles of link 2 and 3 around global y axis with respect to input shaft angle, are shown in Fig.42a.
For a tilted position of 20 degrees, the oscillation around global y axis is a mere 4 degrees for the disc
and 8 degrees for the rods, proving that there is indeed little to no movement towards local y axis or

around local 1 axis.
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Figure 42: a0 Link 2 and 3 angle around global x axis and b) rod angular and piston linear velocity.
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Piston and rod velocities are shown in Fig. 42b. The behavior is almost identical to the one from the
2D analysis, with the piston (v,) having a slight shift and distortion of its max values to the left.

Fig. 43a shows the piston and rod accelerations. A greater difference is now observed regarding
piston’s acceleration. At positive max values, acceleration has a flat-like behavior, stalling for some
degrees of shaft rotations like it does at negative max values in 2D analysis. Furthermore, at negative
max values, acceleration now has a midway jerk transition at around —100 m? /s, before transitioning
back at —150 m? /s and reaching its max value in a hill-like manner, like it did for positive max values
in 2D analysis. This is a result of the minimal movement disc and rod make outside the xy plane, and

account for the distortion and shift of piston velocity. The fact that negative and positive max behavior
of a, are reversed for 2D and 3D analysis poses some interest.
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Figure 43: a) Piston acceleration and rod angular acceleration, b) Piston force, without spring and centrifugal
mass [3D].

In Fig. 43b, piston force is shown, as it would result if there was no restriction in it being 0 during the

its return phase, to compare with the 2D analysis results. Spring and centrifugal mass impact is not yet
implemented as well.

It’s observed that the profile is almost identical to the one from the 2D analysis, with the only
difference being that the max values are slightly smaller in the 3D analysis, which accounts for the fact
that torque M,, was not taken into account before, and through the transformation from global to local
coordinate system, its effect is now implemented in My, thus resulting in smaller max values.

The above serve as a testament that indeed the mechanism dynamics can be approximated by two 2D
mechanisms, one operating in Xy plane and the other in xz plane, with the appropriate local torques

Mg, My, My, and then solidified with the incorporation of the slight movement outside the main
movement’s planes.

The actual piston force for each piston can now be calculated.
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As discussed in Chapter 2.1.3, a spring is needed to provide sufficient torque at the extreme positions
of the mechanism. This can be seen in Fig. 44a, where the actual (My, M,,, M,) and the overall needed
(M,",M,*, M,") torque components are plotted. The difference may seem small, but as inertial forces
become greater, so does the gap between needed and actual provided torque. Of course, M, or Mg
torque component remains the same.

M [Nm]

Figure 44: a) Actual and overall needed torque components, b) Needed torque and supplied torque, for xy
motion.
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Needed torque M, for xy motion, is plotted along with M, torque component that corresponds to that
motion (Fig. 44b).

Additionally, spring torque M, which is equal to M,., summed with M,, is shown in Fig. 45a, along
with the overall needed torque for xy motion. It’s observed that they are equal, which is the goal for
maintaining smooth force profiles. If spring constant was smaller or larger, there would either be more
than enough or less than enough torque to maintain the motion in either the beginning of the
compression or in the end.
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Figure 45: a) Sum of spring and supplied torque along overall needed torque, b) Actual piston force for each
piston [3D].

The resulting forces at each piston are shown in Fig. 45b. Each force, as previously said, acts only
during the positive movement of the piston-rod, and is 0 otherwise. Due to the implementation of a
spring, and the energy loss for maintaining rotary movement of centrifugal mass m,, each force
becomes smaller.

Power output for each piston as well as overall power output is shown in Fig. 46a.
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Figure 46: a) Power output of each piston and overall power output, b) Overall power output, input power,
power ratio.
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In Fig. 46b, the overall power output is plotted, as well as the input power and their power ratio. It is
observed that compared to the 2D analysis, the ratio oscillates around 0.8, and the power output
fluctuates slightly. Therefore, there is an almost constant power output from the overall mechanism,
which will then be used by the turbine.

Figure 47a and 47b show static gauge pressure and flow rate for each piston.
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Figure 47: a) Static gauge pressure for each piston, b) Flow rate for each piston and overall flow rate.

3.2 Pelton Turbine

For the operational and geometric parameters of Chapter 3.1.3 (3D analysis), the surface ratio of the
nozzles was determined to be L, = 9.7. The approximated pressure profile resulting from this ratio,
or the actual pressure drop utilized, is shown in Fig. 48a, along with the actual pressure profile, for
piston 1, upper piston in xy plane that begins its pushing motion. As expected, some pressure difference
is lost in the form of shock waves, due to the fact that the surface ratio doesn’t vary dynamically within
each cycle of operation, as discussed in Chapter 2.2.

The nozzle velocities, after the loss coefficient is introduced occur as shown in Fig. 48b. The resulting
torque from each fluid stream as well as the overall torque, are shown in Fig. 49a. The overall torque
oscillates around roughly 20 Nm, which is the output torque, since we assumed in Chapter 2.2 that the
output is the mean value of generated torque.

Continuing, the resulting power produced by the Pelton turbine, the output overall power from the
pistons and their power ratio, as displayed in Fig. 49b. The efficiency of the Pelton turbine seems to
be small, but the configuration of the mechanism is mostly random, and hasn’t undergone optimization
process yet. Still, this shows that good enough power can be transmitted through the whole
configuration of the CVT and Pelton turbine, with the overall ratio being 0.425. The expected time
response of the Pelton turbine for this torque output, as occurred from the inverse Laplace expression
mentioned in Chapter 2.2, is shown in Fig. 50. There is a slight oscillation in the steady state speed of
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2150 rpm, which is accounted from the generated torque at Pelton shaft which oscillates around output
torque value.
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Figure 48: a) Actual and approximated pressure profile of piston 1, b) Nozzle velocities.
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Figure 49: a) Fluid stream resulting torque and overall torque, at Pelton turbine shaft, b) Overall piston
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Figure 50: Expected time response of Pelton turbine for 10 periods.

3.3 Optimization

The resulting geometry of the most efficient CVT was continuous among the Design Points. With
small difference, the design variables leading to maximum efficiency are displayed in Table 5.

x1(15) 0.153
x5 (1) 0.137

x3(l3) 0.03
x4(0) 17
X5 (My,) 1
xe(h) -0.02

x,(D,) | 0.07

Table 5: Design variables for maximum efficiency.

What poses interest is that x5 as well as x4 both took the minimum acceptable value, meaning that the
rods need to be as short as possible and the piston center to be below the piston-disc joint. The latter
was expected as Pelton turbine generates power through kinetic energy, and the nozzle ratio can take
values within a certain range, therefore leading to the need of as high velocities as possible. If x, was
0 then force exerted would be maximized, and if it was greater than that then the disc would have to
be smaller. So, it becomes less than 0 while there is a tradeoff between force and velocity.

Angle of displacement 8, also remains constant throughout the optimization procedure. Only spring
constant k and nozzle area ratio L, change, to maintain balance between input and output. Table 6
shows values for k and L, as well as Pelton shaft rpm, N, for the 3 design points.

D.P (M,w) | k[N/m] Ly N [rpm]
(100,100) 458 8.00 2400
(200,200) 1832 5.72 3400
(200,300) 4123 3.81 3700

Table 6: L, k and N for the 3 design points.

It is observed that k needs to increase with higher input power while L, needs to decrease, to keep
efficiency at its maximum value. Higher input torque or rotational velocity means higher inertial forces
and thus higher torque needed at dead points. Also, higher velocities are achieved and therefore less
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acceleration is needed to bring Pelton turbine to its most efficient rotational power. In a real
application, the load L, will be given and the mechanism will have to be able to balance it. This means
that the spring constant will need to have a certain expression to satisfy a variety of loads while
maintaining as high as possible efficiency.

In the following Figures, variables of interest for the design point (100,100) and (200,300) are shown.
For design point (100,100), within 2 cycles of operation, Figure 51a shows power output of CVT, input
power and its efficiency, Figure 51b pressure created by each piston, Figure 52a flow rate for each
piston as well as total flow rate, Figure 52b nozzle velocities, Figure 53a output torque regarding each
fluid stream as well as total output torque and Figure 53b total output power, Pelton efficiency and
total input power to it generated by the fluid. Same variables can be observed in Fig. 54 — 56 for design
point (200,300) respectively.

It is observed that pressure created by the pistons becomes higher as input power increases, nozzle
velocities become higher, as expected, flow rate also becomes higher and of course torque created at
Pelton becomes as well higher. Overall efficiency throughout all design points s 1;otq; = 0.64. Pelton
efficiency is almost at its maximum value, since the desired input to it is set accordingly, as discussed
in Chapter 2.3. What impacts most the overall desired efficiency of 0.72, is the CVT efficiency, which
is greatly influenced by the oscillatory behavior of input torque through the slider and jaw shaft.
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Figure 51: a) CVT output and input power, efficiency and b) pressure for each piston within 2 cycles, of
design point (100,100).
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Figure 52: a) Flow rate and b) velocity for each flow stream within 2 cycles, of design point (100,100).
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Figure 53: a) Flow stream torque, overall torque created and b) total input, output power and efficiency of
Pelton within 2 cycles, of design point (100,100).
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Figure 55: a) Flow rate and b) velocity for each flow stream within 2 cycles, of design point (200,300).
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Figure 56: a) CVT output and input power, efficiency and b) pressure for each piston within 2 cycles, of
design point (200,300).

3.4 Direct Dynamics

Solving the DAE system for t = [0,10], for the geometry that yields the best overall efficiency, the
following results were obtained. Angle 6 comes very close to the anticipated 17°, resulting in a small
oscillatory behavior around it as shown in Fig. 57a. Achieved angular velocity w is somewhat higher
than the expected design point value for each design point (Fig. 57b), and therefore in order to have a
realistic representation, we use the following expression for M;:

M= {® 100w <200
£ 71200, 200 < w < 400

Meaning that input torque varies linearly with w and then is constant at 200 Nm. Figure 58a shows
M, time response. This deviation from the design points could be a result of the inertial forces of the
pistons and rods being neglected in the direct dynamics analysis, or due to the slight oscillation of M;
and 6. The different operating point results in reduced Pelton efficiency, as the values for k and L,
being put are optimal each for the discreet design point they were calculated.

(3.2)
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Figure 58: a) M,. and b) Power time response for k and L4 of design point (100,100).

The output power with respect to time, as well as input power, mean output power and mean CVT
efficiency can be seen in Fig. 58b. It’s evident that CVT’s efficiency is very close to that stated in
Inverse kinematics analysis. Figures 59a — 59b show 6 and w response and Figure 60a shows M,
response for design point (200,200). Respectively, Figures 60b - 61 display the response for design
point (200,300).
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Figure 60: a) M, time response for k and L, of design point (200,200) and b) 0 time response for k and L, of

design point (200,300).
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4. Experiment

In order to validate the operability of the system, an experimental layout was partially built to produce
specific results on the kinematics of the mechanism. The primary interest is to validate the equilibrium
point of the jaw shaft for different flow conditions (nozzle diameter) at the end of each piston chamber.
Each component in the test-rig was produced with 3D printing with an SLA 3D printer. The assembly
would be set into motion via an electromagnetic servo motor, with whom the input torque or the
angular velocity in the system can be changed. To measure the velocity and force at the pistons, a
speed sensor and a pressure valve would be incorporated. The evaluation concerns only the CVT and
not the hydrodynamic turbine that connects to the pistons.

Despite the fact that every part was printed and mounted on the test-rig platform with the servo motor,
the experiment is not finalized at this stage, as significant components of the measuring system were
not acquired in time. This is to be finalized at a future time.

In the following, the process from concept to manufacturing is analyzed, with analytic representations
of each component, as well as drawings and assembly instructions.

4.1 Cad Modelling

The CAD modeling took place in SOLIDWORKS. Each part was designed and carefully put into the
assembly (Fig. 62). Assembly front view with the disc, jaw shaft rail and the chambers transparent,
can be seen in Fig. 63. Finally, a side view of the assembly is shown in Fig. 64. As it will later be
shown, the light green jaw shaft rail cap, is a separate part from the jaw shaft rail (dark green), so that
the jaw shaft can attach to it and then be sealed in its rails.

Figure 62: Experimental setup front view.
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Figure 64: Experimental setup side view.

The assembling takes place as follows.
Step 1:

The slider is mounted on the rotating engine shaft, and fastened with an M6 hex bolt. An M5 hex
bolt attaches to the opposing side of the missing cap, to account for the imbalance that would
otherwise be created from the bolt fastening the cap to the slider.
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i

Figure 65: Engine shaft and slider assembly.

Step 2:

The Jaw shaft is mounted on the slider from the side of the missing cap.

Figure 66: Slider and Jaw shaft assembly.

Step 3:
The cap is placed on the slider and fastened with an M5 hex bolt.

Figure 67: Slider and slider cap assembly.
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Step 4:
Support block is mounted on the building platform and fastened with 4 M8 hex bolts.

Figure 68: Support block and building platform assembly.

Step 5:
The two supports are placed on the support block and fastened with 4 M3 hex bolts each.

Figure 69: Supports and support block assembly.

Step 6:
The chamber support is mounted on the supports and fastened with 2 M3 hex bolts at each.
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Figure 70: Chamber support and supports assembly.

Step 7:
The disc spherical joint support is placed on the side of the chamber support and fastened with 4 M4
hex bolts.

Figure 71: Disc spherical joint support and chamber support assembly.

Step 8:

The rods are placed in the spherical configurations of the disc, to form a spherical joint. The rod caps
first slide on the rods and then pushed in the 4 configurations of the disc (Fig. 72), locking the rod in
the spherical configuration. They are then fastened, each with 2 M3 hex bolts (Fig. 73).
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Figure 73: Detail of rod cap first sliding on the rod and then being pushed inside the disc configuration.

Step 9:

The disc support cap first slides on the neck of the disc spherical joint support, and then is pushed
towards the spherical surface to lock on its biggest diameter. The disc is then pushed towards the
support and the cap, and the cap is fastened to the disc with 2 M3 hex bolts, creating a spherical joint
for the disc and the support.
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Figure 74: Disc, disc spherical joint support and disc support cap assembly.

Step 10:

The jaw shaft subassembly is mounted on the disc subassembly, by first placing a thin steel plate in
the back of the disc cavity configuration, so that the bearing that falls in next has support. Then, the
smaller bearing is pressed inside, followed by the bigger outer bearing that rests on the wall
configuration inside the cavity. The jaw shaft subassembly is then pushed inside the disc, through the
bearings and the cap. Finally, the cap is fastened to the disc with 2 M3 hex bolts.

Figure 75: Jaw shaft subassembly, disc subassembly, jaw shaft bearings and steel plate assembly.

Step 11:

The CVT subassembly is pushed through the shaft bearing holders, as its tightly locked in place. The
bearing holders are fastened to the building platform with 4 M8 hex bolts each.
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Figure 76: CVT subassembly and shaft bearing holders assembly.
Step 12:

The piston caps slide on the rods and are pushed towards the largest diameter of the free spherical
joint. Then, the pistons are pushed towards the caps, forming a spherical joint with the rod and
locking in place. Finally, the caps are fastened to the pistons with 2 M3 hex bolts each.

Figure 77: Rods, piston caps and pistons assembly.

Step 13:

The chambers slide through the radial configurations of the chamber support, and are then fastened
with 4 M3 hex bolts each.
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Figure 78: Chambers and chamber support assembly.

4.2 3D Printing

The chosen method of 3D printing was SLA printing, in which the material used is resin with

appropriate properties depending on the purpose of the printed part. The procedure is shown in Fig
79.

SLA 3D Printing

Support
Structures ) i

oy
(— Resin :

i

N
Laser i [

- (—— Galvanometer

Figure 79: SLA 3D printing procedure.

The pre-processing took place in a software called Chitubox, in which each part was put at an

optimal spatial configuration to minimize the printing time as well as the necessary supports, which

are needed in this 3D printing method. The disc along with the three rods, a chamber and four rod
caps are shown in Fig. 80-81 respectively.
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(a) (b)

Figure 81: a) Pre-processing of three rods, one chamber and four rod caps, b) Disc after being printed.

The properties of the resin that was used are shown in Table 7. The modulus of elasticity was the key
parameter of choosing the right resin since it needs to be as high as possible to ensure that the
components will not fail during the experimental operation.

Density 1.14 g/cm3
Tensile Strength 39 Mpa
Surface Hardness D85
Young’s modulus 1500 Mpa

Elongation at Break 25%

Table 7: Resin properties.
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5. Conclusion

Key takeaways:

The nature of the power flow and torque creation led to the implementation of a torsion spring,
to provide sufficient torque at dead points of the mechanism while also aiding in stability. To
maintain good efficiency, torsion spring’s constant k, showed increasing behavior with input
power and therefore a variable constant spring is the one needed.

A feasible geometry was achieved, with the CVT being at comparable dimensions to gearbox
found in typical cars of the industry. A respectable overall efficiency was obtained (n = 0.64),
which was constant for all three design points optimization took place, pointing to the fact that
the mechanism is able to operate efficient at a broad range of input parameters as well as load
demands. The latter due to the fact that L, decreased as input power increased, meaning
different ratios can be achieved.

Further research is needed to showcase if the use of Pelton turbine is optimal, due to the fact
that load applied to it doesn’t have immediate effect on the CVT but is rather transmitted
through a CPU controlling surface ratios L, of the nozzles. Additionally, since spring constant
k varies with input power and load, a specific spring needs to be designed that varies its
constant with respect to both parameters and as efficient as possible.

Concluding, this CVT invention seems very promising and with further research could bring new
opportunities for the future of CVT’s.
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