




Figure 13. Efficiency of the system before and after the
optimization

Apart from the improvement in the efficiency of the
operation, the optimization also increases the speed ratio at
which the lock up clutch is activated. To minimize the
degradation of the components, the lock-up clutch is
activated when the difference between the pump speed and
the turbine speed is at its minimum. This happens near the
coupling point as demonstrated in Figure 5. Figure 14 shows
the variation of the pump speed and the turbine speed for the
optimized system. The difference between the two speeds is
also plotted on the same axes.

Figure 14. Angular speeds of pump and turbine for the
optimized system

The figure clearly demonstrates that in the optimized
system, when the lock-up clutch is activated, the difference
between the angular speeds of the pump and turbine is around
125 rad/s, which is lower than in the original system as
shown in Figure 5.

The exact point when the lock-up clutch is activated is not
an ironclad specification. For this system we have assumed
that the lock-up clutch is activated when the stator speed ωs,
reaches 20 rad/s. It was observed that the optimized system
reaches this point somewhat earlier than the original system,
as shown in Figure 15.

Figure 15. Speed ratio vs. time plot for the optimized and
the original system

The combined effect of the decreased τlockup and
improved efficiency can be clearly seen in Figure 16. In this
figure the lost power is plotted on the vertical axis and time is
plotted on the horizontal axis. The plot clearly shows that in
the optimized system, the power loss is lower than that in
case of the original system and the system runs for less time.

To understand the modality by which the optimized
parameters minimize loss of energy, it is important to study
different types of losses and the effect of the optimization on
them. Shock losses and friction losses are the two types of
losses included in this model. Shock losses are due to non-
ideal flow velocity conditions inside the torque converter and
the friction losses are due to fluid friction and pressure drag
effects. Figure 17 shows the variation of the friction losses
with time for the optimized and original system.
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Figure 16. Lost power vs. time plot for the optimized and
original system

Figure 17. Friction losses vs. speed t ratio for the
original and the optimized system

In Figure 18, the variation of the shock losses for the
optimized and the original systems are plotted on the vertical
axis and time in seconds is plotted on the horizontal axis.

The plots shown in Figure 17 and Figure 18 clearly show
the effect of the optimized parameters on the individual loss
terms. They once more establish the shock losses as the
dominant loss term for the system and outline the reduction in
power loss for the optimized system. It is also observed that
in the optimized system the friction loss term is more than
that in the original system. However, due to the fact that the

shock losses are the predominant loss term and in the
optimized system the shock losses are less than that in the
original system, the total power loss in the optimized system
is considerably lower than that in the original system, Figure
16.

Figure 18. Shock losses vs. speed ratio for the original
and the optimized system

To explain why the optimized system has lower shock
loss term, we need to consider the angular velocity of the
pump and the turbine, as shown in Figure 14. The plot clearly
demonstrates that, in the optimized system, the final angular
velocity of the pump and the turbine, right before the
activation of the lock-up clutch, is lower than that in case of
the original system. Since the shock losses are dependent on
the angular speeds of the components of the torque converter,
lower values of ωp and ωt result in lower shock losses for the
system.

The optimized system requires less time to reach the
locked up state, which results in higher volumetric flow rate
of the hydraulic fluid. Since the friction losses are governed
by equation (5), and are dependent on the flow rate of the
fluid, a higher flow rate results in higher friction losses.

EFFECT ON THE CAPACITY FACTOR
As mentioned in a previous section, the variation of the

capacity factor of the torque converter limits its usability in
many situations. It is therefore worthwhile to investigate the
behavior of the capacity factor for the optimized system.
Figure 19 shows the variation of the capacity factor, for both
original and the optimized system. It clearly shows that the
range of variations of the capacity factor for the original and
the optimized torque converter are comparable to each other,
although it is a little tighter for the optimized system.
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Figure 19. Capacity factor for the original and the
optimized system

The merit of including the capacity factor into the
objective function can be readily demonstrated by solving the
optimization system with a different set of weights. To
demonstrate this issue, we choose a1 to be unity and a2 to be
zero. This choice of weights corresponds to the optimization
philosophy where we completely disregard the capacity
factor and solely concentrate on minimizing the energy losses
during the operation. We solve the optimization problem,
equation (19) subjected to the same constraints, equation (25)
and obtain the following values for the optimized parameters.

(28)

Figure 20 shows the variation of the capacity factor for
the original system and also the system that uses parameter
values shown in equation (28).

The range of variation of the capacity factor in this case is
found to be severely limited. We also notice that the energy
loss for this particular system is lower than that of the system
specified in equation (26).

At this point we can demonstrate the benefits of including
the capacity factor into the objective function. From these
results it can be clearly inferred that, if the objective function
is solely focused on minimization of power losses, the result
would be a more efficient but less usable system. Thus to
ensure that the approach is practical the only way is to
include the capacity factor into the optimization procedure.

Figure 20. Capacity factor for the original and the
optimized (equation (28)) system

EFFECT OF THE PUMP EXIT ANGLE
The exit vane angle of the pump is one of the important

design parameters of a torque converter. In preliminary
studies, it was considered as one of the design variables.
However, the results showed that the objective function is
related to the pump exit angle in a linear fashion. During the
optimization iterations, the parameter settled to the value
used by the original system, which was the lower limit of
acceptable values.

CONCLUSION
We have performed symbolic sensitivity analysis on a

model of a torque converter. The sensitivity analysis has
allowed us to identify the radii of the torque converter
elements, i.e. the pump, the turbine and the stator, the vane
exit angle of the stator and the density of the hydraulic fluid
to be more important than the other parameters of the model.
Also a design optimization problem was solved, to minimize
the loss of energy during the operation of the torque
converter. Optimized values were obtained for the radii of the
components and loss of energy was shown to have
considerably reduced.

The study has identified the shock losses to be the
dominant loss term for the system which was found to have
decreased for the optimal set of parameters. On the other
hand, the friction losses were found to have increased for the
optimal parameters. However due to the dominance of the
shock loss term the overall energy losses are reduced for the
operation.

At this stage this analysis is based, on a slight
approximation for the sensitivity analysis. We have assumed
that, the leading term of eq. (17) is negligible compared to the
other terms. Although this assumption is shown to be valid
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for this particular system, it is unreasonable to assume that,
this would be universally acceptable. One possible way of
addressing this issue would be, to include lock-up clutch
dynamics into the system, which would enable us to simulate
the system beyond the activation of the lock-up clutch. This
way, a simulation can be run for a fixed duration, and the
upper limit of the integration shown in equation (17), would
become a constant. This would make the first term in
equation (17) become zero and eliminate all concerns about
the approximation. Future research on the topic will try to
address this issue.
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APPENDIX A: MODEL PARAMETERS

Table 2. Model parameters

APPENDIX B: MATRIX FORM OF SYSTEM AND SENSITIVITY EQUATIONS

SYSTEM EQUATIONS
The system is governed by a set of ordinary differential equations. They can be written in a matrix form as

(B1)

APPENDIX
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Where

(B2)

(B3)

And

(B4)

(B5)

SENSITIVITY EQUATIONS
Direct differentiation gives a set of ordinary differential equations known as the sensitivity equations. The system equations are

combined with these sensitivity equations to form the augmented form of the equation, which can be written in matrix form as

(B6)
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The actual expressions for these matrices depend on the identity of the model parameter b. If we perform sensitivity analysis with
respect to the parameter ρ, the get the following matrices

(B7)

(B8)

(B9)

To express the vector Ω we define the following sub expressions

(B10)

(B11)
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In terms of these quantities we define the force vector

(B12)
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