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Abstract

Torque and angular velocity fluctuations during idle and low-speed operation decrease
drivetrain efficiency, increase vibration, and impose irregular loading on coupled systems
such as hybrid powertrain generators and conventional transmissions. Building upon a
previously validated balancing cam mechanism, this research presents a friction-aware
redesign methodology that generates manufacturable cam profiles while preserving the
torque characteristics necessary for effective compensation. Two target torque definitions
are considered for cam synthesis: a smoothed profile derived from experimentally meas-
ured angular velocity and a cycle-resolved profile obtained from engine simulation. To
account for friction effects, the selected target torque is reformulated to incorporate the
parasitic torque introduced by the mechanism. Manufacturability constraints are then ap-
plied to ensure compatibility with the available cam-radius range and follower-stroke
limit, while retaining regions of high compensation. The redesigned cam is subsequently
implemented on a single-cylinder engine and evaluated through simulations and labora-
tory measurements. The assessment quantifies torque ripple and angular velocity fluctu-
ation and evaluates the effect of incorporating estimated parasitic torque into cam-profile
synthesis. Relative to the previously validated cam profile, the redesigned profile reduced
angular-velocity standard deviation fluctuation by 50% and torque peak-to-peak by 44%.
These improvements were achieved while maintaining manufacturable geometry and sta-
ble follower motion.

Keywords: internal combustion engine; torque fluctuation; angular velocity fluctuation;
balancing cam mechanism; cam profile optimization; manufacturable cam profile; friction-
aware design; passive torque stabilization

1. Introduction
1.1. Background

Internal combustion engines generate non-uniform torque due to the discrete nature
of the combustion process and the cyclic operation of the slider-crank mechanism. This
behavior is particularly evident during idle and low-speed operation, where the contri-
bution of inertial smoothing is reduced, and the instantaneous torque variation has a
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stronger effect on crankshaft angular velocity. In single-cylinder engines, this problem is
amplified because the entire operating cycle consists of only one power stroke, while in-
take, compression, and exhaust introduce negative or resistive torque [1-5].

Torque and angular velocity fluctuations affect engine regularity and increase vibra-
tion. They also impose cyclic mechanical loading on coupled systems. These effects appear
not only in conventional transmissions, but also in hybrid powertrains, range extenders,
and generator-based systems. Thus, irregular crankshaft motion may affect generator per-
formance, noise, durability, and energy conversion stability [6-8]. Traditional solutions
such as conventional flywheels, dual-mass flywheels, torsional dampers, or active torque
control can reduce these fluctuations. However, they may increase system mass, complex-
ity, packaging requirements, or energy dissipation [9,10].

Passive drivetrain devices include dual-mass flywheels, kinematically driven or var-
iable-inertia flywheels, and torsional isolators, whereas active approaches apply counter-
acting torque through controlled actuators [11-17].

Passive mechanical approaches remain attractive when the objective is to improve
rotational smoothness without adding electronic control, external energy input, or com-
plex actuation. In this context, a balancing mechanism can be designed to store mechanical
energy during high-torque regions of the engine cycle. In turn, it returns the stored energy
during low-torque regions. This principle allows the compensation action to be synchro-
nized [18,19].

Cam-spring mechanisms have also been used to compensate periodic torque in
slider—crank systems and engine camshafts, demonstrating that a prescribed counter-
torque can be generated directly from the mechanism geometry [20,21].

1.2. Previous Development of the Balancing Cam Mechanism

A previous study introduced a passive balancing cam mechanism intended to miti-
gate torque fluctuations in internal combustion engines during idle operation. That work
established the system’s main operating principle: a cam profile designed from the target
compensating torque, acting on a spring-loaded follower. The initial formulation decom-
posed engine torque into driving torque (produced by the combustion process), inertia
torque (resulting from moving engine parts), and resistive torque (forces opposing move-
ment). It also provided the mathematical basis for converting a required compensating
torque into a cam profile [18].

The concept was later implemented and experimentally validated on a Honda® GX
120 single-cylinder engine. In that validation study, the mechanism was mounted outside
the engine and powered by a transmission that rotated the balancing cam at half the crank-
shaft speed, meaning it completed one full cycle for every two crankshaft rotations, match-
ing the 720° four-stroke cycle. The prototype included a spring-loaded roller follower and
a specially shaped cam based on torque data collected from previous experiments. A var-
iable reluctance sensor, which detects changes in magnetic fields to measure rotational
speed, was used to monitor crankshaft angular velocity. The results showed that the
mechanism reduced torque ripple and angular velocity fluctuations during idle operation,
confirming the feasibility of using a passive balancing mechanism [19].

However, the validation study also revealed several limitations that motivate the pre-
sent work. Specifically, the cam profile used in the prototype was generated from an ex-
perimentally obtained instantaneous torque curve that required smoothing before cam
synthesis. This smoothing was necessary because the raw torque profile contained acqui-
sition-induced irregularities and local high-frequency variations. These variations would
have produced an impractical cam geometry, making the cam’s physical shape too com-
plex or impossible to manufacture. While smoothing enabled a manufacturable cam, it
also attenuated sharp torque features relevant to compensation. Furthermore, friction,
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follower inertia, and preload sensitivity were mainly analyzed after cam generation rather
than as design inputs in the profile synthesis procedure.

1.3. Research Gap

Previous research demonstrated that a passive balancing cam mechanism can stabi-
lize crankshaft behavior; however, it also revealed a central design compromise. The com-
pensating torque profile must retain the primary characteristics of the engine torque de-
mand, while the resulting cam profile must remain manufacturable and dynamically fea-
sible. A profile that closely follows the required torque may result in excessive curvature,
abrupt follower displacement, or high acceleration demands. In contrast, excessive
smoothing may yield a feasible cam but diminish the compensation effect in the most dy-
namic regions of the engine cycle [19].

Beyond these limitations, the mechanism introduces parasitic effects that depend on
factors such as spring preload, follower contact forces, bushing friction, and dynamic
loading. Evaluating these effects only after cam design may result in a profile that fails to
deliver the intended compensating torque in practice. Consequently, a more robust design
strategy is necessary, incorporating friction and manufacturability constraints before gen-
erating the final cam profile.

1.4. Objectives and Contributions

The objective of this study is to develop and assess a friction-aware methodology for
redesigning cam profiles for passive torque and angular-velocity stabilization in internal
combustion engines. The work builds on a previously validated cam—spring mechanism
but shifts the focus from concept validation to loss-aware profile synthesis and experi-
mental performance assessment. The proposed framework may also be adapted to other
cam-based mechanisms and profile configurations.

The first objective is to establish a suitable torque basis for cam synthesis by compar-
ing two target profiles: a smoothed experimentally derived torque profile and a cycle-
resolved simulated torque profile. This comparison determines which profile better pre-
serves the torque features required for compensation while providing a suitable basis for
profile generation.

The second objective is to reformulate the target compensating torque to account for
parasitic effects introduced by the mechanism, including preload-dependent friction, fol-
lower contact friction, bushing and support friction, and dynamic loss effects. Accounting
for these effects during synthesis is intended to produce a compensating torque that better
approximates the effective torque required under operating conditions.

The third objective is to generate and assess a cam profile subject to explicit geometric
and kinematic constraints, namely the admissible cam radius range and follower stroke
limit. The redesigned profile is evaluated through simulation and experimental testing on
a single-cylinder engine and compared with the previously validated cam. The simulation
framework is also used to examine whether reduced angular-velocity fluctuation de-
creases angular acceleration, inertia torque, and the inertia-driven component of friction
losses.

2. Materials and Methods
2.1. Reference Engine and Previously Validated Mechanism

The present study uses the same reference engine and experimental platform as those
used in the previous validation stage of the balancing cam mechanism [19]. The reference
engine is a Honda® GX120 single-cylinder, four-stroke, spark-ignition engine. This engine
was selected for its simple architecture, mechanical adaptability, and pronounced cyclic
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torque irregularity, which make it suitable for assessing passive torque compensation
strategies. The engine had previously been characterized through crank-angle-resolved
simulations and laboratory measurements, providing the instantaneous torque and angu-
lar velocity profiles that served as the baseline for cam design and performance assess-
ment [18,19].

The balancing mechanism considered in this work is a passive cam/spring mecha-
nism that generates a counteracting torque synchronized with the engine cycle [18]. Its
function is to store mechanical energy in a compression spring during regions of high
engine torque and return that energy during regions of low or negative torque. In the
validated prototype, the mechanism was mounted externally at the crankshaft output and
driven through a 2:1 gear transmission, allowing the cam to complete one revolution over
the 720° four-stroke cycle.

The previously validated mechanism consists of a cam mounted on the driven gear,
a spring-loaded roller follower, and a support structure fixed to the engine [19]. The fol-
lower uses a 625-2RS bearing to maintain rolling contact with the cam profile and features
a threaded adjustment system to control the spring preload. A nylon bushing is used at
one of the support regions to reduce sliding friction between the follower and the struc-
ture. The support frame was manufactured from 3 mm steel plates and designed to ac-
commodate various spring and cam configurations, enabling comparisons of alternative
profiles and preload values [19].

The spring used in the validated mechanism was experimentally characterized be-
fore implementation. The measured stiffness was 24.2 kN/m, and the original cam was
designed for a spring preload of 242 N [19]. The corresponding baseline cam parameters
included an initial cam radius of 0.05 m, a roller radius of 0.008 m, and a crank-angle
discretization of 10°. The previous cam profile was generated from an experimentally de-
rived torque profile, which was smoothed with a 12-point moving average [19].

Previous experimental tests evaluated the mechanism under different operating con-
figurations. First, the effect of the mechanism’s inertia was isolated by mounting the mech-
anism with the follower disengaged from the cam. This condition slightly reduced the
angular velocity standard deviation, indicating that the added inertia had a small smooth-
ing effect. Subsequent tests were performed with the mechanism engaged under three
preload conditions: the design preload, a lower preload, and a higher preload. The design
preload produced the best results because it provided sufficient compensating torque
without the excessive contact forces, friction, and resistance observed at higher preload
levels [19]. This mechanism, whose assembly is shown in the exploded view of Figure 1,
provides the experimental baseline for the present study. However, the aim is not to re-
validate the cam/spring concept, but to determine whether a friction-aware and manufac-
turability-constrained cam redesign can improve the relationship between the required
compensating torque, the resulting cam geometry, and the effective torque delivered dur-
ing operation.
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Figure 1. Exploded view of the balancing mechanism assembly: (1) support structure; (2) M8 fas-

Iy
R\

tening bolts; (3) variable reluctance sensor; (4) fastening bolt; (5) follower assembly; (6) 20-tooth gear

with trigger wheel; (7) 40-tooth gear with cam; (8) M16 locking nuts.

2.2. Candidate Torque Profiles for Cam Synthesis

The balancing cam profile is generated from a target compensating torque that de-
fines the energy exchange required during the engine cycle. Since this input determines
the resulting cam geometry, follower motion, and effective compensating action, its selec-
tion is treated as the first step in the redesign procedure.

2.2.1. Experimentally Derived Smoothed Torque Profile

The experimentally derived profile was obtained from crankshaft angular velocity
measurements at 1500 rpm over a complete 720° cycle. The angular velocity data were
differentiated to calculate angular acceleration, and the corresponding instantaneous
torque was reconstructed using the known equivalent rotational inertia of the engine and
flywheel assembly [22,23].

Variable-reluctance sensors are widely used for instantaneous rotational-speed and
torsional-vibration measurements, while crankshaft-speed fluctuations can also be used
to reconstruct cycle-resolved torque profiles [24-26].

Before cam synthesis, the reconstructed torque profile was smoothed using the same
12-value moving average adopted in the previous prototype. This profile, therefore, rep-
resents the experimentally measured engine response while limiting the local oscillations
that would otherwise lead to excessive cam curvature and abrupt follower motion. Its use
in the present study provides continuity with the previously validated mechanism and
establishes the experimental reference against which the simulated torque profile is com-
pared.

2.2.2. Cycle-Resolved Simulated Torque Profile

The second candidate profile was obtained from the crank-angle-resolved engine
simulation. The model calculates the instantaneous torque over the complete four-stroke
cycle by combining the main driving, inertial, and resistive torque components, including
cylinder pressure, reciprocating and rotating masses, valve-train effects, splash lubrica-
tion, and frictional interactions [27-29].
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Instantaneous torque [N'm]

This profile provides a controlled representation of the engine cycle and avoids the
local artefacts associated with experimental differentiation. For this reason, it is consid-
ered an alternative input for cam synthesis, particularly in regions where rapid torque
transitions may compromise the direct use of reconstructed experimental data.

Since the simulated profile depends on the assumptions adopted in the engine model,
it is evaluated against the experimentally derived smoothed profile rather than treated as
a superior reference. The comparison focuses on the balance between compensation fidel-
ity, cam manufacturability, and follower motion feasibility.

2.2.3. Comparison of Torque Profiles

Figure 2 compares the torque profiles considered in the definition of the cam synthe-
sis input over the complete 720° engine cycle. The figure includes the cycle-resolved sim-
ulated torque profile, the experimental torque profile, and the same experimental profile
after applying a 12-value moving average.

= ~
180 270 2360 630 720
Crank angle [°]

Experimental torque

Simulated torque Torque profile with 12 values MAVG

Figure 2. Comparison of torque profiles for the Honda® GX120 engine at 1500 rpm over a complete
720° cycle: cycle-resolved simulated torque, experimentally obtained torque, and experimentally

obtained smoothed torque profile using a 12-value moving average.

The experimentally reconstructed profile matches the measured engine response,
though it contains local oscillations associated with the angular velocity measurement and
the numerical differentiation process. While these oscillations highlight the limitations of
direct experimental torque reconstruction, the original profile is not used directly for cam
synthesis, as this would produce abrupt cam radius variations and mechanically demand-
ing follower motion.

The smoothed experimental profile reduces these local variations while preserving
the main torque trend required for compensation. In contrast, the simulated profile pro-
vides a cycle-resolved representation of the engine torque demand, without acquisition-
induced oscillations, but with characteristics that depend on the modelling assumptions.
The comparison, therefore, supports selecting the input profile for cam synthesis by show-
ing differences in amplitude, phase, and local torque transitions across the available
torque representations.

To enable comparison, both simulated and experimental torque profiles were
matched on a common 10° crank-angle grid by sampling the simulated data at the same
positions as the experimental profiles, thus avoiding interpolation of experimental values.

For each candidate profile, we calculated the pointwise torque error relative to the
original experimentally reconstructed torque as:

e =T;— Texp

)
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where T; represents either the sampled simulated torque profile or the smoothed experi-
mental torque profile, and T, is the original experimentally reconstructed torque pro-
file. The root-mean-square error was then calculated as:

n

1
RMSE = RZ[TL- T’ @)

=1

To compare both profiles independently of the torque range, the error was normal-

ized by the amplitude of the original experimentally reconstructed torque profile:

RMSE
NRMSE = ——————— ()

Texp,max - Texp,min
where Teypmax and Texpmin are the maximum and minimum values of the original ex-
perimentally reconstructed torque profile, respectively. A lower NRMSE indicates closer
agreement with the experimental reference.

The simulated profile presented an RMSE of 1.99 N-m and an NRMSE of 6.69% rela-
tive to the original experimentally reconstructed torque profile. In comparison, the 12-
value moving-average profile presented an RMSE of 3.11 N-m and an NRMSE of 10.44%.
Therefore, the simulated profile reduced the normalized error by approximately 36% rel-
ative to the smoothed experimental profile.

Based on this result, the simulated profile was selected as the basis for applying the
additional compensation required to mitigate the frictional torque introduced by the
mechanism. This profile provides a closer numerical representation of the original exper-
imentally reconstructed torque while avoiding the local oscillations that would compro-
mise cam manufacturability.

2.3. Friction-Aware Compensating Torque Profile Reformulation

The balancing cam mechanism is designed to generate a compensating torque that
opposes the cyclic component of the engine torque. In an ideal loss-free system, the cam
profile could be generated directly from the required compensating torque. However, the
previously validated prototype showed that the torque produced by the cam/spring in-
teraction is not fully transmitted to the crankshaft, because part of it is dissipated through
follower contact friction, bushing/support friction, and dynamic effects associated with
follower inertia. Therefore, in the present work, these effects are incorporated before cam
profile generation, so that the redesigned profile is not based only on the engine torque
demand but also on the parasitic torque introduced by the mechanism itself.

The required compensation torque is first obtained from the cyclic deviation of the
instantaneous engine torque relative to its mean value. Considering the crank angle 6, the
instantaneous engine torque is represented by Tep,,
complete cycle is represented by Te,,. The fluctuating torque component to be compen-

and the mean engine torque over one

sated for is defined as:
Treq = Teng - Teng (4)

The ideal compensating torque is then defined as the opposite of this cyclic compo-
nent:

Tcomp = _Treq )

where Tcomp represents the torque that the mechanism should effectively deliver to the
engine to reduce torque ripple and angular velocity fluctuation. This formulation assumes
that the mechanism behaves ideally, without internal losses. In the real mechanism, the
effective torque delivered to the crankshaft is lower than the torque generated by the
cam/spring system because of friction and inertial effects. Thus, the effective torque can
be expressed as:

https://doi.org/10.3390/en19163724
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Teff = Tcam - Tloss (6)

where T, is the torque generated by the cam/spring interaction, Tj,ss is the torque loss
introduced by the mechanism, and T is the torque effectively delivered to the engine.
To make T approach the required compensating torque, the target torque used for cam
synthesis must include the expected loss contribution:

Tcam,target = Tcomp + Tloss (7)

This sign convention assumes that Tcomp is the torque that must be effectively deliv-
ered to oppose the engine fluctuation. Therefore, the estimated loss torque is added to the
target cam torque, so that after friction and dynamic losses, the remaining delivered
torque is closer to the required compensation.

Figure 3 illustrates the dimensional and force relationships used to formulate the cam
synthesis procedure. The diagram identifies the cam radius variation between consecutive
crank-angle positions, the resulting cam torque, the spring force acting on the follower,
and the tangential force component responsible for torque generation.

Figure 3. Diagram of the balancing cam mechanism used to derive the geometric and force relation-

ships required for cam profile synthesis [19].

The main preload-dependent loss contribution is associated with the friction gener-
ated at the follower supports. The spring force acting on the follower is defined as:

F, = k[Tcam — Tpase] + P (8)

where k is the spring stiffness, 1.5y, is the instantaneous cam radius, 1,5 is the base ra-
dius, and P isthe spring preload. This expression shows that increasing preload increases
the spring force even when the cam displacement is small. As a result, preload can im-
prove torque generation in low-displacement regions, but it also increases support reac-
tions and friction losses.

The tangential force transmitted between the cam and the follower is related to the
spring force and to the local cam geometry:

F; = F;tan ¢ )

where ¢ is the local angle that governs the conversion between spring force and tangen-
tial force.

Figure 4 presents the mechanical model used to determine the support reactions gen-
erated by the tangential force F. The follower is represented as a beam supported at two
contact regions, A and B, separated by the distance b. The distance between support B
and the roller center is defined as a, since it varies with the follower position and cam
radius.

https://doi.org/10.3390/en19163724
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Figure 4. Mechanical model used to analyse support reactions and friction caused by the tangential
force F; [19].

The vertical reactions at the supports are obtained from static equilibrium:

a+b
Ay=FtT (10)

a
B,=~F 7 (11)

where A, and B, are signed support reactions defined according to the adopted y axis
convention. The negative value of B, indicates its direction and does not represent a neg-
ative normal load. Therefore, the Coulomb friction forces are calculated from the reaction
magnitudes | A,| and | B,|, and act opposite to the instantaneous sliding direction of the

follower:

Fra= llAl Ayl (12)

Frp = Up | Byl (13)

where p, and pp are the friction coefficients at supports A and B, respectively. These
friction forces oppose the follower motion and reduce the torque effectively transmitted
by the mechanism. The corresponding support-friction torque-loss magnitude is ex-
pressed as:

Tt sup = [Fr.a + Frp] Teq (14)

where 1., is the equivalent lever arm associated with the friction forces.

In addition to support friction, the follower assembly introduces an inertia-related
contribution. As the cam rotates, the follower is accelerated and decelerated according to
the imposed displacement profile. The follower inertia force is defined as:

Fin,f = —mfaf (15)

where m; is the effective moving mass of the follower assembly and a; is the follower
linear acceleration. The corresponding torque contribution can be approximated as:

Tin,f = Fin,f tan ¢ r.gm (16)

This term becomes more relevant in regions where the cam profile imposes rapid
follower motion. Therefore, abrupt radius changes and excessive curvature not only affect
manufacturability; they also increase dynamic loading and may amplify the loss contri-
bution of the mechanism.

The total loss torque considered in the friction-aware redesign is therefore expressed
as:

Tioss = Tf,sup + Tin,f (17)

https://doi.org/10.3390/en19163724
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The main parameters used in the mechanical-loss model are summarized in Table 1.
These parameters define the reference condition adopted for the friction-aware cam syn-
thesis and provide the reference values for the subsequent sensitivity analysis.

Table 1. Main parameters used in the mechanical-loss model.

Parameter Value
Friction coefficient at support A (u,) 0.03
Friction coefficient at support B (uz) 0.20
Effective moving follower mass (my) 0.175 kg
Spring preload (P) 242 N
Spring stiffness (k) 24.2 kN/m

Consequently, the corrected torque target used for cam synthesis becomes:

Tcam,target = Tcomp + Tf,sup + Tin,f (18)

In the previous validation stage, friction and inertia were mainly analysed after cam
synthesis to explain the difference between the theoretical torque generated by the mech-
anism and the effective torque delivered during operation. In the present work, these ef-
fects are introduced before cam profile generation. The redesigned cam is therefore gen-
erated from a target torque that already accounts for the parasitic torque expected from
the mechanism.

Figure 5 presents the simulated torque profile obtained using the proposed method-
ology, including the parasitic torque generated by the mechanism. To assess the sensitiv-
ity of the simulated torque profile to variations in the model inputs, a uniform +10% var-
iation was applied simultaneously to the nominal loss-model parameters while maintain-
ing the nominal cam geometry. The yellow shaded band around the friction-compensated
torque profile represents the resulting range. The maximum total width of the sensitivity
band is 1.09 N-m, occurring at a crank angle of approximately 380°. The relatively narrow
sensitivity band indicates that the predicted torque profile is not substantially affected by
the combined +10% variation in the selected model parameters.

—
9 180 270 VO 450 540 630 720

Crank angle [°]

Friction-compensated torque profile Uncompensated torque profile

Figure 5. Comparison between the uncompensated and friction-compensated torque profiles over
one complete engine cycle. The yellow bounds represent the torque range obtained by applying a

simultaneous +10% variation to the nominal loss-model parameters.

2.4. Cam Profile Generation and Manufacturability Constraints

The cam profile is generated from the friction-aware target torque defined in Section
2.3. The purpose of this step is to convert the required compensating torque into a physical
cam geometry capable of imposing the corresponding spring displacement over one com-
plete engine cycle. Therefore, the cam profile must reproduce the compensation sequence
associated with intake, compression, expansion, and exhaust phases.

https://doi.org/10.3390/en19163724
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The balancing mechanism transforms the radial displacement imposed by the cam
into spring compression. The resulting spring force is then converted into a tangential
force at the cam/follower contact, generating a torque on the camshaft.

The torque generated by the cam/spring interaction is then:

Team = Ft Team (19)
Substituting the previous expressions gives:
Team = [k(Team = Thase) + Pltan @ 14 (20)

For cam synthesis, the desired torque is the corrected target torque Tigm targets Pre-
viously defined by including the required compensating torque and the estimated me-
chanical loss contribution. Therefore, the local geometric term can be obtained from:

Tcam,target
Team [k (Team — Thase) + P]
The cam radius is then calculated iteratively as a function of crank angle. Considering
two consecutive angular positions, the new cam radius is estimated from the previous
radius and the local value of tan ¢:

tan¢ = (21)

Team,i = Teami-1 1 % Team,i-1 tan ¢; (22)
where 7,4,,; is the cam radius at the current angular step, 7.qm ;-1 is the radius at the
previous step, and A4y, is the crank-angle increment.

After determining the radial profile, the cam geometry is represented in Cartesian
coordinates to define the manufacturable profile. The polar-to-Cartesian conversion is
given by:

(7] .
Xi = TogmiCOS (T") (23)

0 .
Vi = Team,iSin (%ﬂkl) (24)

where x; and y; are the Cartesian coordinates of the theoretical cam profile at each an-
gular position.

The cam profile was initially generated as a pitch curve for an ideal point follower.
Since the physical mechanism uses a roller follower, this pitch curve was subsequently
geometrically adapted to the prescribed roller radius. The roller radius was therefore not
an optimization variable during the initial profile synthesis. The final roller-corrected cam
coordinates are obtained from:

(] .
Xri = Xi = Trolier COS (%nkl _¢i) (25)

. (6 i
Yri = Vi — TrollerSIN (%nkl _¢i) (26)

where 745 is the roller radius, and x,; and y,; define the final cam profile in contact
with the roller follower.

Once the friction-aware target torque is converted into a radial cam profile and sub-
sequently into roller-corrected coordinates, the resulting geometry represents the theoret-
ical cam shape required to impose the desired spring force variation. However, this theo-
retical solution must be assessed against the physical limits of the existing mechanism,
since a torque-matched profile may still lead to excessive radial growth, insufficient base
radius, or follower motion incompatible with the available stroke. For this reason, the gen-
erated profile is treated as a preliminary solution and is subjected to geometric and dis-
placement constraints before being retained for implementation.

These constraints are applied at this stage to verify whether the resulting geometry
can be manufactured, assembled, and operated within the physical limits of the cam-

https://doi.org/10.3390/en19163724
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follower—spring mechanism. The objective is not to remove all local torque variations,
since some of these variations are relevant for compensation. Instead, the objective is to
preserve the main compensating regions while excluding cam profiles that would require
impractical dimensions or excessive follower motion.

The first constraint defines the admissible cam radius. The cam radius must remain
within the minimum and maximum values imposed by the mechanism layout, structural
requirements, and available packaging space:

Tmin = Team = Tmax

(27)
where r,,;,, prevents undercutting, excessive local weakening, or contact conditions that
would compromise the roller/cam interaction, while 7,,,, ensures that the cam remains
compatible with the available follower displacement.

The second constraint limits the follower displacement. Since the mechanism uses a
spring-loaded follower, the cam-induced displacement must remain within the available

stroke of the support structure and spring assembly:
0 <5< Smax (28)

where s = 1.4, — Tpgse i the follower displacement and s,,, is the maximum admissi-
ble displacement. This constraint prevents excessive spring compression and avoids op-
erating the spring or follower close to mechanical limits.

After applying these constraints, the resulting cam geometries can be compared to
assess the effect of including the parasitic torque in the profile generation process. Figure
6 presents the comparison between the new cam profiles generated with and without par-
asitic torque compensation. For reference, the previously developed cam is also included,
allowing the geometric changes associated with the transition from an experimentally de-
rived torque profile to a simulated torque-based design to be observed.

https://doi.org/10.3390/en19163724
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Figure 6. Comparison of cam profiles generated from the friction-compensated and uncompensated

simulated torque profiles, with the previously developed cam included as a reference.

2.5. Experimental Implementation and Simulation Methods

The redesigned cam profile was assessed using a combined simulation and experi-
mental procedure, with the same reference engine and balancing mechanism architecture
as in the previous validation work. The purpose of this stage was to compare the original
engine behavior, the response obtained with the previously validated cam profile, and the
response predicted and measured with the redesigned friction-aware cam profile. Since
the experimental platform and acquisition procedure had already been validated, the pre-
sent work focuses on reproducing the same methodology while changing only the cam
profile and the corresponding friction-aware torque target.

2.5.1. Simulation Procedure

The simulation model was used to evaluate the torque and angular velocity response
over one complete four-stroke cycle. The original engine torque was first simulated as the
baseline condition. This profile includes the driving torque generated by cylinder pres-
sure, the inertia torque associated with the moving components, and the resistive torque
contributions from valve actuation, lubrication, and friction.

Two compensated configurations were then simulated. The first corresponds to the
previously validated cam profile, generated from the smoothed experimentally derived
torque profile. The second corresponds to the redesigned cam profile, generated from the
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selected target torque after friction-aware reformulation. For each configuration, the the-
oretical torque generated by the balancing cam mechanism was calculated and then cor-
rected by the friction and follower inertia contributions. This allowed the ideal mechanism
torque, the friction-aware torque contribution, the effective delivered torque, and the re-
sulting compensated engine torque to be evaluated separately.

The resulting torque profile was obtained by combining the original engine torque
with the effective compensating torque delivered by the mechanism. The angular velocity
response was then calculated from the resulting torque and the equivalent rotational in-
ertia of the engine system. The same processing was applied to the original engine, the
engine with the previous cam profile, and the engine with the redesigned cam profile,
allowing direct comparison of torque standard deviation, torque amplitude, angular ve-
locity standard deviation, and angular velocity amplitude.

2.5.2. Experimental Implementation and Data Processing

After satisfying the imposed cam radius and follower stroke constraints, the final
roller-corrected cam geometry was produced and installed on the driven gear of the bal-
ancing mechanism, replacing the previously validated cam. The remaining mechanism
architecture was kept unchanged, ensuring that the comparison of cam profiles was based
on the redesigned geometry rather than on changes to the experimental setup.

The cam was phased according to the crank-angle reference used for the 720° engine
cycle. After assembly, the follower was brought into contact with the cam, and the spring
preload was adjusted to the selected reference value using the threaded follower adjust-
ment system.

Experimental tests were performed on the Honda® GX120 at approximately 1500 rpm
after stable operating conditions were established. For each evaluated configuration, ten
repeated measurements were acquired. Crankshaft angular velocity was measured using
a variable-reluctance sensor and a 36-tooth trigger wheel, corresponding to a crank-angle
resolution of 10°. The sensor signal was recorded using a Keysight EDUX1052A digital
oscilloscope with a time window of 20 ms/div, a voltage scale of 2 V/div, and 10,000 ac-
quisition points per measurement. Angular velocity was calculated from the time inter-
vals between consecutive teeth. The rising- and falling-edge zero-crossing sequences were
processed separately.

The ten resulting 720° angular-velocity profiles were aligned with the crank-angle
reference and averaged to obtain a representative cycle for each configuration. Angular
acceleration was calculated by numerical differentiation of successive angular-velocity
values with respect to time. Instantaneous torque was then reconstructed using an equiv-
alent rotational inertia of 0.01474 kg-m?2. This value corresponds to the combined inertia
of the engine 0.001254 kg-m? and the flywheel 0.01349 kg-m>2. The same acquisition and
processing procedure was applied to all configurations. The 12-value moving average de-
scribed in Section 2.2.1 was applied only to the experimentally derived torque profile used
to synthesize the previous cam, and not to the experimental performance indicators re-
ported in Section 3.2.

Numerical differentiation amplifies local deviations in the measured angular-veloc-
ity signal. This effect was reduced by considering both rising- and falling-edge zero-cross-
ing sequences and by averaging ten repeated measurements. During the constant-speed
validation of the measurement system, the measured angular-velocity signal exhibited a
standard deviation of 0.22 rad/s and a peak-to-peak amplitude of 1.13 rad/s. These values
provide an experimental indication of measurement-system dispersion but do not consti-
tute a complete uncertainty budget for the reconstructed torque. Furthermore, because
uncertainty in the equivalent rotational inertia produces a proportional scaling uncer-
tainty in the absolute torque values. However, the same inertia value and processing
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procedure were applied to all configurations, preserving the consistency of the compara-
tive performance assessment.

Performance assessment was based on the standard deviation and peak-to-peak am-
plitude of both torque and angular velocity.

3. Results
3.1. Simulated Performance of the Redesigned Cam

The redesigned cam profile was evaluated using the same crank-angle-resolved sim-
ulation framework used for the reference engine and the previously validated balancing
cam. The analysis compares the original engine response with three compensated config-
urations: the previously validated cam, the redesigned cam generated from the simulated
torque profile, and the friction-aware redesigned cam. The comparison focuses on the sim-
ulated engine torque and angular velocity response.

Figure 7 presents the original engine torque and the simulated resulting torque ob-
tained with the previously validated cam profile.

630 720

Crank angle [°]
Simulated torque with experimetal derived CAM

Simulated torque

Figure 7. Simulated resulting torque obtained with the previously validated balancing cam mecha-

nism, compared with the original torque profile of the Honda® GX120 engine.

The effect of the previous cam profile was quantified using the standard deviation
and peak-to-peak amplitude of the torque signal over the complete cycle. The original
engine torque presented a standard deviation of 6.77 N-m, while the compensated torque
decreased to 2.75 N'm, corresponding to a reduction of approximately 60%. The peak-to-
peak torque amplitude was also reduced from 37.32 N-m to 12.74 N'm, corresponding to
a reduction of approximately 66%. These results verify the previously validated cam as
the reference compensated condition for assessing the redesigned profiles.

Figure 8 presents the simulated angular velocity response obtained with the previ-
ously validated cam profile, compared with the original engine condition. The compen-
sated response shows a clear reduction in angular velocity fluctuation relative to the un-
compensated engine, indicating that the torque attenuation observed in Figure 7 is re-
flected in crankshaft speed stabilization.
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Figure 8. Simulated angular velocity response of the Honda® GX120 engine for the original engine

condition and the previous cam profile.

The simulated stock condition presented a standard deviation of 3.54 rad/s and a
peak-to-peak amplitude of 10.56 rad/s. With the previous cam profile, the simulated an-
gular velocity standard deviation decreased to 1.56 rad/s, while the peak-to-peak ampli-
tude decreased to 5.54 rad/s. These values correspond to reductions of approximately 56%
and 48%, respectively.

The redesigned cam generated from the simulated torque profile was then evaluated
using the same simulation framework. Figure 9 compares the original simulated engine
torque with the resulting compensated torque obtained after applying this redesigned
profile. This configuration assesses the effect of using the cycle-resolved simulated torque
as the synthesis input, before introducing the friction-aware correction.

—_— — —
S~ 180 270 e 450 540 630 720

Crank angle [°]
Frictionless compensated torque

Simulated torque

Figure 9. Torque delivered by the redesigned balancing cam mechanism, generated from the simu-
lated torque profile and resulting compensated torque compared with the original simulated torque
profile of the Honda® GX120 engine.

The resulting torque curve shows improved torque regularity relative to the original
engine condition. With the simulated-profile cam, the torque standard deviation de-
creased to 1.02 N'm, corresponding to a reduction of approximately 85%. The peak-to-
peak amplitude decreased to 6.31 N'm, corresponding to a reduction of approximately
83%. These results indicate that the redesigned profile substantially reduces both overall
torque dispersion and the maximum torque range relative to the original condition.

Figure 10 presents the simulated angular velocity response obtained with the rede-
signed cam generated from the simulated torque profile, compared with the stock engine
condition. The compensated response remains closer to the mean angular velocity over
the complete 720° cycle, particularly in the regions where the uncompensated engine pre-
sents the largest deviations.
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Figure 10. Simulated angular velocity response of the Honda® GX120 engine with the redesigned

cam generated from the simulated torque profile, compared with the stock engine condition.

As previously presented, the stock angular velocity exhibited a standard deviation
of 3.54 rad/s and a peak-to-peak amplitude of 10.56 rad/s. With the simulated-profile cam,
the standard deviation decreased to 0.48 rad/s, while the peak-to-peak amplitude de-
creased to 1.45 rad/s. These values correspond to reductions of approximately 86%. These
results confirm that the simulated-profile cam substantially improves crankshaft speed
regularity, even though the target torque profile does not yet account for the parasitic
torque expected to be introduced by the mechanism.

The final simulated configuration corresponds to the redesigned friction-aware cam
profile. In this case, the target torque was reformulated before cam synthesis by incorpo-
rating the estimated parasitic torque associated with the compensation mechanism.

Figure 11 presents the original simulated engine torque and the resulting torque after
compensation by the redesigned friction-aware cam mechanism. Because the estimated
parasitic torque is incorporated before profile synthesis, the cam is designed to provide
the torque required to compensate for both the engine torque fluctuation and the mechan-
ical losses introduced by the mechanism.

—_—
\—99/1§0//270 \/{60 450 540 630 720

Crank angle [°]
Simulated torque

Simulated Friction compensated torque

Figure 11. Simulated torque response obtained with the redesigned friction-aware cam mechanism,

compared with the original simulated torque profile of the Honda® GX120 engine.

Under the nominal model parameters, the friction-aware target cancelled the mod-
elled cyclic torque residual. The resulting torque remained coincident with the zero-
torque reference throughout the complete 720° crankshaft cycle, indicating the elimination
of the simulated torque fluctuation. Consequently, no residual torque dispersion or peak-
to-peak fluctuation was observed in the theoretical response.

This result represents the ideal performance of the proposed compensation approach
within the numerical model. It confirms that incorporating the estimated mechanical
losses before cam-profile synthesis allows the generated cam torque to compensate for the
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engine demand after follower friction, contact losses, and inertia effects are considered.
The result should therefore be interpreted as the theoretical compensation limit of the re-
designed mechanism, while deviations may arise during experimental implementation
because of modelling uncertainty, manufacturing tolerances, compliance, and operating-
condition variability.

Figure 12 presents the simulated angular velocity response obtained with the rede-
signed friction-aware cam profile and compares it with the stock engine condition. This
comparison evaluates the mechanism’s effect on crankshaft rotational regularity rather
than focusing solely on reducing instantaneous torque fluctuations.

Simulated velocity variation with mechanism

90 180 270 360 450 540 630 720
Crank angle [°]

Simulated velocity without mechanism

Figure 12. Simulated angular velocity response of the Honda® GX120 engine with the friction-aware

redesigned cam profile, compared with the stock engine condition.

Under the adopted simulation assumptions, the redesigned friction-aware cam pro-
duces zero residual torque fluctuations and maintains a constant angular velocity
throughout the entire engine cycle. The simulated crankshaft speed remains coincident
with its mean value, with no cyclic dispersion or peak-to-peak variation. This response is
consistent with the torque compensation shown in Figure 11, since eliminating the resid-
ual torque fluctuation prevents cyclic crankshaft acceleration and deceleration.

However, this result should not be interpreted as an independent validation of per-
fect compensation. Since the same nominal loss model is used both to construct the cor-
rected target torque and to evaluate the resulting response, it represents a theoretical
model-consistency or closure condition. Exact compensation is therefore obtained when
the model assumptions and nominal parameters are internally consistent, defining the
theoretical compensation limit of the proposed formulation.

The resulting constant angular velocity also implies the elimination of the corre-
sponding angular acceleration variation within the numerical model. Consequently, the
inertia torque associated with cyclic crankshaft acceleration is suppressed in the ideal sim-
ulated response. This may also reduce the inertia-dependent component of the mecha-
nism losses, although losses related to spring preload, contact forces, support friction, and
local deformation remain dependent on the mechanism’s physical characteristics.

Overall, the simulated results indicate that incorporating the estimated parasitic
torque before cam-profile synthesis enables the redesigned mechanism to reach the theo-
retical compensation limit of the model.

Table 2 summarizes the simulated torque and angular-velocity indicators for the
stock engine and the three compensated configurations. The results show a progressive
reduction in cyclic fluctuations from the previous cam to the simulated-profile cam.
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Table 2. Summary of the simulated performance indicators for the evaluated engine and cam con-

figurations.
Confisuration Torque Standard Devia- Torque Peak-to-Peak Angular Velocity Stand- Angular Velocity Peak-
8 tion Amplitude ard Deviation to-Peak Amplitude
Stock engine 6.77 N-m 37.32 N-m 3.54 rad/s 10.56 rad/s
Previous cam 2.75 N-m 12.74 N-m 1.56 rad/s 5.54 rad/s
Simulated-profile cam 1.02 N'm 6.31 N-m 0.48 rad/s 1.45 rad/s
Friction-aware rede- 0*N-m 0*N-m 0* rad/s 0* rad/s

signed cam

Instantaneous torque [N.m]

35
30
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15
10

-5
-10
-15

* The zero values represent the theoretical model-closure condition under the nominal simulation

assumptions and do not constitute independent experimental validation.

3.2. Experimental Results

The experimental assessment was carried out for three operating conditions: the
stock engine, the previously validated cam, identified in the figures as the previous cam,
and the redesigned cam, identified as the friction-aware redesigned cam. The comparison
uses the same performance indicators adopted in the simulation analysis: standard devi-
ation and peak-to-peak amplitude of the angular velocity and reconstructed instantane-
ous torque.

Figure 13 compares the experimentally reconstructed instantaneous torque of the
stock engine with the torque response obtained using the validated previous cam. The
stock condition shows the highest cyclic torque variation, with a pronounced positive
torque region after combustion and negative torque contributions during the remaining
cycle. The previous cam reduces the magnitude of these fluctuations, confirming the com-
pensation effect of the passive cam-spring mechanism under laboratory conditions.

90 180 270 360 450 540 630 720

Crank angle [°]

Instantaneous torque stock Instantaneous torque previous cam
Figure 13. Experimentally reconstructed instantaneous torque response of the Honda® GX120 en-

gine at 1500 rpm for the stock condition and the previous cam.

The reconstructed torque standard deviation decreased from 6.25 N'm in the stock
condition to 3.12 N-m with the previous cam, corresponding to a reduction of 50%. The
peak-to-peak torque amplitude decreased from 29.79 N-m to 13.66 N-m, corresponding to
a reduction of 54%. These results confirm that the previously validated cam substantially
attenuates the torque ripple of the stock engine.

Figure 14 presents the corresponding angular velocity response for the stock engine
and the previous cam. The stock condition shows the largest speed variation over the 720°
cycle, especially around the compression and expansion regions. With the previous cam,
the angular velocity profile becomes more uniform, indicating that the reduction in torque
fluctuation is transferred to crankshaft speed stabilization.
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Figure 14. Experimental angular velocity response of the Honda® GX120 engine at 1500 rpm for the

stock condition and the previous cam.

The angular velocity standard deviation decreased from 3.58 rad/s in the stock con-
dition to 2.07 rad/s with the previous cam, corresponding to a reduction of 43%. The peak-
to-peak angular velocity amplitude decreased from 11.08 rad/s to 6.30 rad/s, correspond-
ing to a reduction of 43%.

Figure 15 compares the stock torque response with the torque obtained using the
friction-aware redesigned cam. This profile produces a lower residual torque fluctuation
than the previous cam, with a more pronounced reduction in the high-torque region after
combustion. The result indicates that the redesigned profile improves the effective com-
pensation delivered by the mechanism.

Instantaneous torque stock

—90 180 270 ~360 450 540 630 720

Crank angle [°]

Instantaneous torque friction-aware redesigned cam

Figure 15. Experimentally reconstructed instantaneous torque response of the Honda® GX120 en-

gine at 1500 rpm for the stock condition and the friction-aware redesigned cam.

With the friction-aware redesigned cam, the reconstructed torque standard deviation
decreased from 6.25 N-m to 1.71 N-m, corresponding to a reduction of 73% relative to the
stock condition. The peak-to-peak torque amplitude decreased from 29.79 N'm to 7.66
N-m, corresponding to a reduction of 74%.

Figure 16 presents the angular velocity response obtained with the friction-aware re-
designed cam, compared with the stock condition. The redesigned cam maintains the
crankshaft speed closer to the average value over the complete cycle, reducing both the
minimum velocity drop before combustion and the subsequent velocity increase during
expansion.
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Figure 16. Experimental angular velocity response of the Honda® GX120 engine at 1500 rpm for the

stock condition and the friction-aware redesigned cam.

The angular velocity standard deviation decreased from 3.58 rad/s in the stock con-
dition to 1.05 rad/s with the friction-aware redesigned cam, corresponding to a reduction
of 71%. The peak-to-peak angular velocity amplitude decreased from 11.08 rad/s to 2.86
rad/s, corresponding to a reduction of 74%.

Figure 17 directly compares the reconstructed torque responses obtained with the
previous cam and the friction-aware redesigned cam. This comparison isolates the effect
of the redesigned profile, since both configurations were tested using the same engine and
mechanism architecture. The friction-aware redesigned cam presents a lower residual
torque fluctuation over most of the cycle, particularly after combustion, where the previ-
ous cam still shows a larger compensated torque peak.

Instantaneous torque previous cam

540

180 270 360 450 630 720

Crank angle [°]

Instantaneous torque friction-aware redesigned cam

Figure 17. Experimentally reconstructed instantaneous torque response of the Honda® GX120 en-

gine at 1500 rpm for the validated previous cam and the friction-aware redesigned cam.

Relative to the previous cam, the friction-aware redesigned cam reduced the torque
standard deviation from 3.12 N-m to 1.71 N-m, corresponding to a further reduction of
45%. The peak-to-peak torque amplitude decreased from 13.66 N'm to 7.66 N-m, corre-
sponding to a further reduction of 44%.

Figure 18 compares the angular velocity responses obtained with the previous cam
and the friction-aware redesigned cam. The redesigned profile produces a smoother ve-
locity curve, with lower deviation from the mean value throughout the engine cycle. This
confirms that the reduction in reconstructed torque ripple also improves crankshaft rota-
tional regularity.
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Figure 18. Experimental angular velocity response of the Honda® GX120 engine at 1500 rpm for the

validated previous cam and the friction-aware redesigned cam.

Compared with the previous cam, the friction-aware redesigned cam reduced the
angular velocity standard deviation from 2.07 rad/s to 1.05 rad/s, corresponding to a fur-
ther reduction of 50%. The peak-to-peak angular velocity amplitude decreased from 6.30
rad/s to 2.86 rad/s, corresponding to a further reduction of 55%.

Table 3 summarizes the experimental torque and angular-velocity indicators for the
stock engine, previous cam, and friction-aware redesigned cam.

Table 3. Summary of the experimental performance indicators for the evaluated engine and cam

configurations.

Configuration

Torque Standard Devia- Torque Peak-to-Peak Angular Velocity Stand- Angular Velocity Peak-

tion Amplitude ard Deviation to-Peak Amplitude

Stock engine
Previous cam
Friction-aware rede-
signed cam

6.25 N-m 29.79 N-m 3.58 rad/s 11.08 rad/s
3.12 N-m 13.66 N-m 2.07 rad/s 6.30 rad/s

1.71 N'm 7.66 N-m 1.05 rad/s 2.86 rad/s

4. Discussion
4.1. Effect of Torque Input Selection

The results show that the performance improvement obtained with the redesigned
cam is associated with two complementary aspects: selecting a more representative torque
input and accounting for expected mechanism losses before generating the cam profile.
The simulated torque profile provided a more suitable basis for cam synthesis than the
12-value moving-average experimental profile. This is because it avoided local oscillations
associated with experimental acquisition and numerical differentiation, while preserving
the main torque features required for compensation. As a result, the cam generated from
the simulated torque profile provided stronger compensation than the previously vali-
dated cam, without requiring excessive smoothing of the target torque.

This effect is clearly observed in the simulated results. The previously validated cam
reduced the simulated torque standard deviation from 6.77 N-m to 2.75 N-m. The cam
generated from the simulated torque profile was reduced further to 1.02 N-m. The peak-
to-peak torque amplitude decreased from 37.32 N'm in the original simulated condition
to 12.74 N-m with the previous cam and 6.31 N-m with the simulated-profile cam. These
results indicate that using the cycle-resolved simulated torque profile improved compen-
sation by retaining torque features attenuated in the smoothed experimental profile.

A similar trend is observed in the simulated angular velocity response. The original
simulated angular velocity showed a standard deviation of 3.54 rad/s and a peak-to-peak
amplitude of 10.56 rad/s. With the previous cam profile, the standard deviation dropped
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to 1.56 rad/s and the peak-to-peak amplitude to 5.54 rad/s. With the simulated-profile cam,
the standard deviation decreased further to 0.48 rad/s, and the peak-to-peak amplitude to
1.45 rad/s. These reductions confirm that improved torque compensation directly led to
greater crankshaft speed stabilization.

The friction-aware reformulation represents a further development of the design pro-
cedure. Instead of generating the cam from an ideal compensating torque and evaluating
losses afterward, the target torque was corrected before synthesis by incorporating the
estimated parasitic torque introduced by the mechanism. This includes support friction,
contact-related effects, and follower inertia. Under the adopted simulation assumptions,
this approach enabled the friction-aware cam to reach the theoretical compensation limit
of the model, with the residual torque fluctuations and the corresponding cyclic angular
velocity variations eliminated in the numerical response.

Therefore, the simulated results should be interpreted at two levels. First, the cam
generated from the simulated torque profile demonstrates the benefit of selecting a more
representative torque input for cam synthesis. Second, the friction-aware profile demon-
strates the ideal compensation capability achievable when estimated mechanism losses
are incorporated into the cam generation process. The experimental implementation is
expected to approach, but not fully reach, this ideal limit because real mechanical systems
are affected by additional uncertainties that cannot be fully represented in the model.

4.2. Agreement Between Simulated and Experimental Performance

The experimental results confirmed the same performance trend predicted by the
simulation. The previously validated cam reduced torque ripple and angular velocity fluc-
tuation relative to the stock engine, while the redesigned cam provided an additional re-
duction in both indicators. Experimentally, the instantaneous torque standard deviation
decreased from 6.25 N-m in the stock condition to 1.71 N-m with the redesigned cam, cor-
responding to a 73% reduction. The torque peak-to-peak amplitude decreased from 29.79
N-m to 7.66 N-m, corresponding to a 74% reduction.

The improvement was also observed in the measured angular velocity response. The
angular velocity standard deviation decreased from 3.58 rad/s in the stock condition to
1.05 rad/s with the redesigned cam, corresponding to a 71% reduction. The peak-to-peak
angular velocity amplitude decreased from 11.08 rad/s to 2.86 rad/s, corresponding to a
74% reduction. These results show that the reduction in reconstructed torque ripple was
transferred to improved crankshaft rotational regularity.

Compared with the previously validated cam, the redesigned profile also provided
a clear experimental improvement. The torque standard deviation decreased from 3.12
N-m to 1.71 N'm, corresponding to a further reduction of 45%. The torque peak-to-peak
amplitude decreased from 13.66 N-m to 7.66 N-m, corresponding to a further reduction of
44%. The angular velocity standard deviation decreased from 2.07 rad/s to 1.05 rad/s, cor-
responding to a further reduction of 50%, while the peak-to-peak angular velocity ampli-
tude decreased from 6.30 rad/s to 2.86 rad/s, corresponding to a further reduction of 55%.

Although the experimental response followed the same trend as the simulation, the
measured reductions were lower than the ideal friction-aware numerical prediction. This
difference is expected for a passive mechanical system. The simulation includes the main
friction and inertia terms considered during synthesis, but the real mechanism is also af-
fected by local contact variability, preload adjustment uncertainty, assembly tolerances,
structural compliance, and cycle-to-cycle combustion variability. These effects reduce the
effective torque delivered by the mechanism, explaining why the experimental angular
velocity standard deviation remained higher than the ideal simulated response.
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The comparison between simulation and experiment, therefore, confirms the validity
of the proposed design approach without implying that the numerical ideal can be fully
reproduced experimentally.

4.3. Mechanical Implications and Limitations

The results indicate that the redesigned cam improves compensation not by elimi-
nating mechanical losses, but by accounting for their expected contribution during profile
generation. This reduces under-compensation in the regions where the mechanism is
more affected by preload-dependent reactions and follower motion. As a result, the cam
profile better links the required compensating torque, the expected parasitic effects, and
the manufacturable geometry.

Nevertheless, the mechanism remains constrained by its passive nature. The spring
preload is fixed during operation and cannot adapt to variations in engine speed, load,
combustion variability, or thermal conditions. In addition, the cam profile must remain
within the available cam-radius range and follower-stroke limit. These constraints prevent
complete cancellation of torque fluctuation in the experimental prototype, even when the
target torque is accurately defined in the numerical model.

The predicted optimal compensation for the friction-aware cam should therefore be
interpreted as the theoretical limit of the model rather than as a directly achievable exper-
imental condition. In practice, deviations from the ideal response are introduced by man-
ufacturing tolerances, contact conditions, preload uncertainty, component compliance,
friction variability, and cycle-to-cycle engine behavior. These effects are especially rele-
vant in a mechanically coupled passive system, where the compensating torque generated
depends directly on the physical interactions among the cam, roller follower, spring, and
support structure.

The proposed methodology is not inherently restricted to the Honda® GX120. It can
be adapted to other engines by incorporating their specific torque profiles, operating con-
ditions, mechanical-loss parameters, and design constraints. However, the experimental
validation presented here was conducted solely on a Honda® GX120 single-cylinder en-
gine at about 1500 rpm. Idle was chosen for initial design and validation because it repre-
sents the most demanding condition considered in this study regarding cyclic torque and
angular-velocity fluctuations. After validating and selecting the best-performing cam pro-
file under idle, future work will broaden the experimental assessment to different engine
speeds and loads. This extension will help determine if the redesigned cam maintains ef-
fective compensation across a wider operating range. If it does not, strategies such as ad-
justable spring preload, interchangeable cam profiles, or hybrid passive-active compen-
sation may be considered. Further experimental validation will also be necessary to quan-
tify the methodology’s performance for other engine architectures.

5. Conclusions

This study proposed and validated a methodology for redesigning balancing cam
profiles for passive torque and angular velocity stabilization in combustion engines. The
work builds on a previously validated cam—spring mechanism, but updates the design
process by focusing on torque input selection, loss-aware profile generation, and manu-
facturability constraints.

The comparison between torque inputs showed that a cycle-resolved simulated
torque profile is more suitable for cam synthesis than the 12-value moving-average exper-
imental profile used in the previous design. The simulated profile reduced the NRMSE by
approximately 36% compared with the smoothed experimental version, while avoiding
local oscillations associated with experimental acquisition and numerical differentiation.
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This allowed the cam synthesis procedure to preserve relevant torque features without
generating an impractical geometry.

The redesigned cam generated from the simulated torque profile produced a sub-
stantial improvement in the numerical response. In the simulation, the torque standard
deviation decreased from 6.77 N-m in the original condition to 1.02 N-m, corresponding
to a reduction of approximately 85%. The peak-to-peak torque amplitude decreased from
37.32 N'm to 6.31 N'm, corresponding to a reduction of approximately 83%. The angular
velocity standard deviation decreased from 3.54 rad/s to 0.48 rad/s, while the peak-to-
peak angular velocity amplitude decreased from 10.56 rad/s to 1.45 rad/s. These values
correspond to reductions of approximately 87%. These results confirm the importance of
selecting an appropriate torque input for cam synthesis.

The friction-aware reformulation further extended the design procedure by incorpo-
rating the estimated parasitic torque before cam profile generation. This included follower
support friction, contact-related effects, and follower inertia. Under the adopted simula-
tion assumptions, this approach represented the theoretical compensation limit of the
model, eliminating the residual torque fluctuation and the corresponding cyclic angular
velocity variation. This ideal result should not be interpreted as a directly achievable ex-
perimental condition, but rather as the numerical limit obtained when the estimated
mechanism losses are fully compensated during cam synthesis.

The experimental validation confirmed the same performance trend. The redesigned
cam reduced the experimentally reconstructed instantaneous torque standard deviation
from 6.25 N'm to 1.71 N-m, corresponding to a 73% reduction relative to the stock engine.
The torque peak-to-peak amplitude decreased from 29.79 N-m to 7.66 N-m, corresponding
to a 74% reduction. The angular velocity standard deviation decreased from 3.58 rad/s to
1.05 rad/s, corresponding to a 71% reduction, while the peak-to-peak angular velocity am-
plitude decreased from 11.08 rad/s to 2.86 rad/s, corresponding to a 74% reduction.

Compared with the previously validated cam, the redesigned profile also provided
a clear experimental improvement. The reconstructed torque standard deviation de-
creased by 45%, while the torque peak-to-peak amplitude decreased by 44%. The angular
velocity standard deviation decreased by 50%, and the peak-to-peak angular velocity am-
plitude decreased by 55%. These results confirm that the redesigned cam improved the
effective compensation delivered by the passive balancing mechanism under laboratory
operating conditions.

Overall, the proposed methodology improves the link between the required compen-
sating torque, the expected mechanical losses, and the manufacturable cam geometry. Alt-
hough the passive mechanism remains limited by fixed preload, contact conditions, and
geometric constraints, the results demonstrate that loss-aware cam synthesis can improve
torque ripple attenuation and crankshaft speed stabilization without requiring active con-
trol.

Future work should extend this procedure to variable preload configurations,
broader speed and load ranges, and alternative engine architectures. Further studies
should also assess its applicability to multi-cylinder engines and hybrid powertrain con-
figurations, where passive torque stabilization may complement conventional flywheels,
damping devices, or active control strategies.

6. Patents

This and subsequent works resulted in a patent application submitted to the
Portuguese Institute of Industrial Property (INPI) under application number 119346, with
the title “Método Implementado por Computador para a Concegdo de um Atuador de
Equilibrio para um Motor, Atuador de Equilibrio, Programa de Computador e Meio de
Leitura Associados.”
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