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Abstract. This paper is a dynamic analysis of one of the many variants of mechanical torque converter designed
by the eminent romanian inventor George Constantinesco. The analyzed model is composed of nine-bar linkage
that transmit motion from the primary motor to the output shaft through one-way clutches. In the first stage we
are determined the equations of motion in matrix form and by their numerical solution we are indicate the main
features of the torque converter. Analysis of dynamic stability of mechanical transmission is made through the
linear analysis with Bode diagrams. Simulation of transmission operation is performed with AMESim.
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INTRODUCTION

The analyzed mechanism is a planar nine-bar linkage arranged in three closed loops, shown in
Fig. 1. In Fig. 2, shows the simulation model of torque converter developed by AMESim
program. It is a two degree of freedom mechanism, the degrees being the crank angle ¢, and
the angular displacements of the links 6 and 8, ¢4 and g respectively. The bar system 5, 6, 7
and 8with the one-way clutches 9 and 10, form a unidirectional mechanism that rotates the
output shaft 11 in a certain sense. The imposed external forces are the driving torque T;,
provided by a drive motor at constant speed and the loading torques T, Tg acting on the bars
6, 8 respectively.

Figure 1. The G. Constantinesco’s torque converter diagram.
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Figure 2. Simulation scheme of torque converter modeled by AMESim

EQUATIONS OF MOTION

In relation to the oxy reference system, the coordinates of the joints A, B, C, K, D, G and

center of mass M are given by relations:
x4 = lycos @,
Ya =l sing,
Xg = x4 + 1, cos @,
Yg = Ya t 1l sing,
Xg = Xg + l3g cos @3 = x; — i cOS @,
Yk =Yg t lzgsing; =y, — lyg sing,
Xy = X, — Ly cOS @3
Yu =Y, — lay Sin @
Xe = Xg + l3c cos @5
Yc =Yg + l3¢csings
Xp = X¢ + lscos s = xg + g cos @
Yp =Yc +lssings = yg + lg sin @g
Xg = Xx¢c + l;cosp,; = xg + lg cos g
Ye = Yc t l;sin@; = yg + lgsin ¢g

To simplify writing , in what follows will use the following notation

sing; =s;;cos@; =c¢; (i=1..8)

(D)
2)
€)
(4)
)
(6)
(7)
(8)
)
(10)
(11)
(12)
(13)
(14)

(15)

The kinematics may be defined by writing the constraint equations along and perpendicular to

the axe ox.
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fi =licy + 16 + I3gcs + lage, —x, =0 (16)

fo=ls1+ s, + sz + lugSa —y, =0 (17)
f3 = 11C1+12C2+I3CC3 +15C5—I6C6—x5 =O (18)
f;l- = 1151 + lez + l3cs3 + 1555 - l6S6 _YE = O (19)
f5 = l1C1 + lzCz + l3cc3 + l7C7 - 18C8 — Xg = O (20)
fo = lis1 + 18y + 13¢5 + 1757 — lgSg —yp = 0 (21)

In adition, in the case of a constant speed input w; of the crank, a further equation

fr=¢;—wt=0 (22)

is required. The above equations may be represented in suffix notation as

fi (@1, 92, 03, @4, 95, P, 97, P5) = 0 (23)

where j = 1...7.
The constraint equations expressed in terms of velocities may be be derived from (23) and
written in suffix notation as,

Vj(§01, P2, P3, Pa, Ps, Per P7, Ps)» ¢1' ¢2' ¢3' ¢4' ¢5' ¢6' ¢7' §08) =0 (24)
The equations of motion are derived using the Lagrangian multipliers method. This may be
stated as follows [1,2]:

4oy _oE _ o w7 30
dt(aqi) aqi_Ql+Zj=1/1]6ql' 23)

where E is the total kinetic energy of the system, q; and g; are the generalised coordinates and
velocities, Q; the generalised forces including conservative and nonconservative effects, 4;
the Lagrangian multipliers and f; the constraint equations.

The generalised forces Q; may be written in the form

_ 37 .95 7 0%
Qi_Zj=1(m]g 20, T L aqi) (26)

where m; represents the masses, g the gravitational vector, 7; the coordinate vector of the

point of application of gravitational forces and T’, the vector of torques.

Let the generalised coordinates q; be @4, @2, Pz, P4, Ps, Pg, @7 and @g. Now in order to obtain
the kinetic energy in terms of these coordinates the velocities of the centres of masses must be
found. These can be obtained by writting the x and y coordinates of the centres of masses and
taking the first derivative. In this case, for C; = 0; C, = A; (3 =K; C, = M; C5 =D; Cg =
E; C;, = G; Cg = E 1s obtained:

ver =0 (27)

Vep = V4 = L1y (28)
Vez = Vg = lag@s (29)
Ves = Vy = Ly s (30)
Ves = Vp = lgPs (31)
Vee = Veg = 0 (32)

Ve = Vg = lg@g (33)



Hence the total kinetic energy of the machanism may be expressed as:

E = ]1‘P1 +]2‘P2 +]3‘#’23 +]4‘P4+]5‘P5 +]6‘#’26 +]7‘P7 +]8‘st+mzl1‘ﬂ1 +m314K‘P4+

m4l4M‘P4+ +m516‘P6 +m7ls‘Ps

2 2 2
(34)
Based on notations q; = ¢;; ¢; = ¢; (i = 1...8), we obtain
d (9E OF ..
SGE) = U+ maldiy (33)
d (9E
GGD) 5= o + i) (36)
The generalized forces Q; are given by the following relationship
Qy =Ty — (my + m3)glicy (37)
Qg = —myglgcg — Tg (38)

The bars 6 and 8 transmit to the output shaft movement through two one-way clutch, so that
they are charged under load only when rotating counterclockwise.

_ {Tn if (s — ) =0 (39)
o 0if (s — pg) <O
0if (g6 —g) 20
T, ={ i . 40
8 Ty if (@6 —@g) <O (40)
where
{Tn =Tz + 11911 (41)
$11 = max(@g, Pg)
The terms of the type Y./ i=14 Zf are shown in the following relationships:
]7 111 Zf Alllsl + Azllcl - 131151 + 14116'1 - 151151 + 16116'1 + 17 (42)
ofj
]7 14 a_ = Aslgsg — AglgCs (43)

The equations of motion, determined by Lagrange multipliers can be written as:

O = Tl - (mz + mg)gllcl + Alllsl - Azllcl + 131151 - 14116'1 + 151151 - 16116'1 - 17

(44)

J2@2 = —msglycy + Ay, — Ayl505 + A3ls; — Aulycy + Aslys; — Aglyc, (45)
J3Ps = —m3glsgcs + A1l Ss — Azlzkcs + AzlseSs — Aalsccs + Aslzesz — Aglaccs

(46)

s+ mSIZK + m4lZM)¢4 = My GlamCs + AlagSs — A2 lugcy (47)

JsPs = Azlsss — Aulscs (48)

Us + msl@) g = —msglece — Te—A3lsSe + Aulgcs (49)

J797 = Aslys7 — Aglyc7 (50)

Us + my13)Gg = —my glgcg — Tg — Aslgsg + Aglgcy (51)
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Equations (44) through to (51) are second order non-linear differential equations. Together
with the following six equations which are obtained by taking the second derivatives of

constraint equations (16) through to (21) they may be solved for
D2, P3, Par D5y Per D7) Pgs A1, A2, A3, A4, A5, Ag and 4.
%=O (G=1..6) (52)
With notations
V=I[¢: &3 $s @G5 G P7 Pg A A Az A A5 A A7]T (53)
the equations (44) ... (52) may be written in the following matrix form
AV =B (54)
If A is a non singular matrix, from the above equation is obtained
V=A"'B (55)
where
V; = AZ}Bi (i=1..14;j=1..14) (56)
OT, more expressive
V; = C;;B; (57)

From the above equations may be obtained the following relationships

{¢m+1 = Cm,i B;

Am = m+7,iBi

(m=1..7) (58)

from where we can easily calculate the terms A,,.

To calculate the angular positions and velocities of the bars, we can use the following notation
P2 = Y1 P2 = V2593 = V35 @3 = Va5 Pa = Vs; Pa = Y63 Ps = V7, Ps5 = Vs; P6 =

Yo; ®6 = Y105

©7 = Vi1, 7 = V12; Pg = V135 Pg = Y14. The equations of motion derived earlier can be
expressed in a form equivalent to

V1 = g1(t, Y1, Y2, v » Y14)
: (59)

Via = G146, Y1, Y2, s V14)

which can be easily solved using Runge - Kutta method. The Runge-Kutta method are one
step method, i.e. to evaluate y at time t + 8t we only require the information available at
point y at time t. Secondly, they do not require the evaluation of the derivative of the function
to be integrated.

Due to the high nonlinearity of the equations of motion, in case to drive with constant speed
drive, both engine torque and output shaft speed will oscillate around some average values
that can be determined with relations:

T, = mean(T,) (60)
@1, = mean(wq;) (61)



CASE STUDY EXAMPLE

For the simulation diagram indicated in Fig. 2 is considered the next practice application with
the main database entry as follows [3]: [; = 0.1m; [, = 0.3m; l3x = 0.2m; I3 = 0.3m;
lye =0.6m; Ly =09m; 5 =1, =0433m; 1l =13 = 0.25m; m; = 0.1kg; m, =m3 =
03kg; my =4kg; ms =m; =0.4kg; mg=mg=03kg; 1=, =3=)s=Je=];=
Js = 0.001kg - m?; ], = 2kg - m?; J;; = 4kg - m?; w; = 1500 rev/min.

For a variation in time of load torque T;, imposed by Fig. 3 are obtained the main
characteristics of mechanical torque converter shown in Fig. 4.
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Figure 3. Time variation of the output shaft torque T;,
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Figure 4. Torque diagrams T; and T;,, depending on the angular velocity of the output shaft

STABILITY ANALYSIS

The steady-state sinusoidal frequency-response of a mechanical system is described by the
phasor transfer function H( jw). A Bode plot is a graph of the magnitude (in dB) or phase of
the transfer function versus frequency [4].

Bode plot is one of the most commonly used tools for frequency response. This procedure
provides relative stability in terms of gain margin and phase margin. Without determining the
analytical expression of the transfer function of the dynamic system studied, in the following
we will achieve stability analysis system with AMESim by Linear Analysis tools. In this case
is selected as control variable the sine wave output signal w; and as observer the angular
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speed of inertial body 4, ¢,. Linearization time is selected at 50 s. The Bode diagram
presented as a semi-logarithmic strip plot is shown in Fig. 5.
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Figure 5. Bode diagrams
CONCLUSIONS

As can be seen from Fig. 4a, the maximum power transmitted through the torque converter is
located in the average angular velocity of the output shaft. The maximum power transmission
remains approximately constant over a fairly wide range of variation of the angular velocities
of the output shaft. The load torque T;, has a quasi-linear variation inversely proportional to
the output shaft speed, as shown in Fig. 4b. As we can see in the figure above, phase margin is
PM = —59.32633°% — (=180 [°]) = 120.67367[°] and gain margin is
MG = 25.52077 [db]. As a result, the system is stable for time t = 50[s].
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