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The use of hybrid electric vehicles (HEVs) has become more prevalent than before because of
their many merits in terms of energy saving and environmental protection. However, as HEVs
use an internal combustion engine (ICE) and electric motors, they also have vibration problems
that originate from the inherent ICE structure and/or power transfer shifting between the ICE
and the electric motors. To find an appropriate control method for reducing the vibration of
HEVs, we simulated vibrations from the power transmission line, elastomers, clutch system,
engine damper, half-shaft, tires, damper-bypass clutch, and mode shift clutch of HEVs using the
driver, ICE, motor/generator, battery, transmission system, mode shift clutch, damper-bypass
clutch, and flexible shaft models. These models were simulated separately with different control
methods such as pulse cancellation (PC), mode shift clutch speed control (MCC), damper-bypass
clutch engagement control (DBCC), half-shaft oscillation feedback control with proportional
integral controller (HOFC-PIC), and the combined control method of PC-DBCC-MCC-HOFC-
PIC. MATLAB/Simulink was used for the simulation. Although each method was effective in
reducing the vibration of certain parts of an HEV, the combined control method was the most
effective in mitigating the vibration. In particular, the combined control method reduced the
vibration significantly from the resonance of different parts of the HEV’s powertrain, including
the flexible shaft, tire, ICE, and mode shift at 5, 11, 16, and 2.5 Hz. The results of this study need
to be supplemented with further research but can be used as the basis to set up an effective
control strategy for the HEV’s powertrain.

1. Introduction

Cars with internal combustion engines (ICEs) have been used for decades. Thus, carbon
dioxide (CO,) contained in the combustion exhaust has been continuously released into the
environment and has contributed to global warming considerably. The concentration of
greenhouse gases including CO, continues to increase in the atmosphere owing to the increasing
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use of fossil fuels, and global warming has intensified as a result.) Energy shortages and
increasing environmental awareness have made energy saving and carbon reduction the major
issues in the automotive industry, which resulted in the introduction of hybrid vehicles into the
market. A hybrid electric vehicle (HEV) has advantages of energy saving and low exhaust gas
emission. With its maturing technology, the HEV 1is considered one of the best solutions to
overcome the energy crisis and environmental pollution. HEVs are grouped into three different
types depending on their powertrain: series-hybrid system, parallel hybrid system,® and series-
parallel hybrid system.®

The HEV requires diverse driving modes as it uses motors and ICEs at the same time. The
difference in torque between an engine and an electric motor results in a deviation between the
actual and target output torques during the operation of the HEV. The interruption of power
transmission or the fluctuation of the output torque of the HEV causes poor dynamic
performance and ride comfort.Y) Ride comfort is important for consumers and manufacturers,
and is closely related to noise and vibration while driving a car. Therefore, for the effective
operation of the HEV, powertrain control has been studied extensively in recent years. For
example, Vu® developed a fuzzy control for a series-parallel hybrid powertrain, Yuan et al.©®)
proposed the energy management of the parallel hybrid powertrain, and Arata et al(”) and
Meisel ® studied the energy management of the series-parallel hybrid powertrain.

Noise and vibration affect the operation and service life of parts of an HEV. Therefore, most
of the previous studies discussed noise and vibration from various perspectives. He et al.®)
mentioned that the mode shift between ICEs and electric motors reduced both ride comfort and
system efficiency. Joseph et al.(!9 found that low-frequency vibration is the main reason for the
reduction in ride comfort. Canova et al. proposed the closed-loop control of engine start/stop to
reduce the torque fluctuation in engine start-up and idling.'"") The use of a dual-scale command
strategy was also suggested for reducing the vibration of the engine and chassis induced when
the ICE starts.(1?)

The HEV has low-frequency vibration generated mainly by the cylinder movement of the
ICE and the inertia of the rotating parts. Thus, when the power of the engine increases suddenly,
the vibration intensifies, which leads to an unstable power transmission in the HEV and a
decrease in ride comfort. Such vibration can be absorbed partly owing to the vehicle’s elasticity
and damping. However, this causes power loss and torsional vibration. To reduce the vibration
caused by the torque, an elastomer can be added, and the clutch control must be conducted in a
sophisticated manner.(!3) In shifting operation modes in an HEV, the vibration on the drive shaft
can occur owing to an uneven torque distribution in the clutch actuation system. To reduce the
vibration, several control methods were proposed using the compensation torque given by the
different response times of the electric motor and ICE,® and adopting a single planetary gear in
which the feedback torque is used to compensate for the vibration.(!3) Bypass clutch control was
also proposed to reduce the vibration caused by engine start-up.(4

A smoother and more stable power transmission is necessary to reduce the vibration and
improve the efficiency of the powertrain. Therefore, the control logic of the HEV powertrain is
required to manage the output torque and reduce the vibration. In the control logic, a feedback
command is necessary to offset the vibration along the output axis and control the uneven
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torque. In this way, the ride comfort can be improved, and at the same time, the performance of
the HEV can be enhanced. Therefore, in this study, we compared different control methods for
reducing the vibration and proposed the most appropriate method for HEVs.

2. Materials and Methods

We established a simulation model to test the control methods for a hybrid power transmission
system of an HEV. The adopted simulation models included the (1) driver, (2) ICE, (3) motor/
generator (MQG), (4) battery, (5) transmission system, (6) mode shift clutch, (7) damper-bypass
clutch (DBC), and (8) flexible shaft models. The vibration reduction analysis for these models
was conducted using MATLAB/Simulink.

2.1 Driver model

To simulate dynamics by different commands during acceleration and deceleration, the
driver model was used. In this model, a driving pattern was set up with a target speed considering
the resistance in vehicle movement, which was calculated using the preset vehicle speed. The
error between the preset and actual speeds of the vehicle was calculated using a proportional
integral controller (PIC). The command from the driver when accelerating or decelerating was
simulated to monitor the error.

2.2 ICE model

This model was created to simulate the power output from the ICE of the hybrid powertrain.
In the HEV, the ICE provides a high torque when the battery capacity is insufficient and more
power for the vehicle is required. ICEs provide power in a cycle of intake, compression,
explosion, and exhaust. Therefore, a large amount of low-frequency vibration is likely to be
generated with a change in pressure in a cylinder. To investigate the vibration of an ICE, the
torque provided by gas pressure changes in the cylinder was simulated.!) The corresponding
operation of the single-cylinder mechanism is described in Fig. 1 and Eq. (1).

ey

rsinfg
Ty = Ap(P = Py )rsin O | 1+ ————=
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Here, T,, Ap, P, P,,», I, L, and 6 represent the engine torque of the cylinder (N-m), the piston
top area (m?), the cylinder pressure (psi), the atmospheric pressure (psi), the crankshaft radius
(m), the connecting rod length (m), and the crankshaft angle (deg), respectively.

2.3 MG model

According to the required torque and rotation speed, the efficiency of the motor was obtained
by using a two-dimensional look-up table and the pre-stored efficiency curve as shown in Fig. 2.
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Fig. 1. (Color online) Schematic diagram of Fig. 2. Diagram of MG model.
operation of single-cylinder mechanism.

2.4 Battery model

The schematic diagrams of the battery circuit and module are shown in Figs. 3 and 4,
respectively. The state of charge (SOC) of the battery was calculated on the basis of the number
of battery cells connected in series. The battery power was calculated using Eq. (2).

ko _k ko k
Foarr = Tyc1@vc1cifer + T2 @2 2Me2 (@)

Here, Py, is the battery power, 7, and 7., are transformer efficiencies of MG at simulation
steps 1 and 2, respectively, & represents the energy flow, and MG represents a motor generator.
When the battery is charging, £ = 1, and otherwise, k = —1.

2.5 Transmission system model

We used the two-mode compound power transmission system to construct a transmission
system model and present the complete mechanical operation on the basis of mathematical
calculations.1>"1®) The transmission system had two operation modes changed by speed and
acceleration with a combustion engine, two motor generators, two sets of planetary gears, and a
battery pack. To accurately calculate the overall torque and rotation speed of each power source,
the rotational inertia of each component in the transmission system and the internal force of the
gears were considered for understanding the changes in torque and its corresponding angular
acceleration.
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Fig. 3. Schematic diagram of battery circuit.
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Fig. 4. Schematic diagram of battery module.

2.5.1 Mode 1

Figure 5 shows the transmission system as a free-body diagram. There were three power
sources connected to the main planetary gear 2 (P2) through the gears of the compound
planetary gear 1 (P1). The power was transmitted to the output shaft to provide power to the
whole vehicle. In the figure, RR|, RS}, RR,, and RS, are the radii of the ring and sun gears of P1
and P2, respectively. F; and F, were the internal forces between the planetary pinion, the sun
gear, and the ring gear.

2.5.2 Mode 2

Figure 6 shows a free-body diagram of the transmission system in mode 2. In this mode, the
clutch (CB12R) was released as the sun gear of P1 and the ring gear of P2 that were connected to
each other. Therefore, S1 and R2 run at the same rotation speed.

2.6 Mode shift clutch model

The mode shift clutch model was established to represent the kinetic energy loss caused by
the clutch. According to the mode change signal, the clutch engages or disengages while
transmitting power. Equation (3) was used to calculate the lost power. The output torque was
subtracted from the lost power, and the frictional force loss generated during the release of the
clutch was calculated. The schematic diagram of the clutch is shown in Fig. 7.

2
F = 3 . F,R ©)
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Fig. 5. (Color online) Free-body diagram of transmission system in mode 1.

i
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Fig. 6. (Color online) Free-body diagram of transmission system in mode 2.

Fig. 7. Schematic diagram of clutch.

Here, F,, R, I o and y;, are the normal force of oil pressure, the average surface radius of clutch
engagement, the dynamic friction torque, and the dynamic friction coefficient, respectively.

2.7 DBC model

In a conventional powertrain of the ICE, a manual transmission clutch or an automatic
transmission torque converter is used between the engine and the gearbox as shown in Fig. 8. In
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Fig. 8.  Schematic diagram of conventional isolation device between engine and gearbox.
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Fig. 9. Schematic diagram of DBC.

the hybrid powertrain, the damper replaces the clutch or torque converters to separate the engine
and transmission systems. The damper contained a spring damper and a bypass clutch (Fig. 9).
The spring damper acts as a low-pass filter, isolating the high-frequency torque generated by the
ICE. However, when an engine starts and stops, the torque fluctuations generated affect the
spring damping to oscillate. The DBC, when engaged, bypasses the spring and provides stiffness
between the engine and the driveline to reduce damped oscillations generated by the engine
during starts and stops. In DBC, the output torque of the engine increases with the normal force
generated by the oil pressure of DBC, and the ratio of the distribution output through DBC also
increases as shown in Eq. (4).

Tout = Tedamper (1 - DBCratio ) + Te (DBCratio ) - DBCfiiction (4)

Here, 7, is the total output torque, Tedumm is the output torque via the spring damping of the
ICE, T, is the output torque via oil pressure, DBC

ratio

output torque via a DBC and the oil pressure, and DBCy;.,;,, the frictional force of DBC.

is the ratio of the output torque to the total

2.8 Flexible shaft model

A flexible shaft model for elastomers such as the axle (half shaft), tires, and ICE damper was
established. To show that the elastomer used was subjected to the torsional vibration caused by
an external torque, the elastic coefficient and damping were added. The torque exerted on the
transmission shaft was calculated using Egs. (5) and (6) with the transmission system output
speed w, and the shaft rotation speed w,,,;,, which were estimated from the vehicle speed.

Woqp = O — Oyyle Q)
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t
T;’eact = Cshaflwgap + Kshaﬁjowgapdt (6)

3. Vibration Control Method

Other than the original control method of the HEV, five control methods were tested and
compared in terms of vibration reduction in this study, namely, pulse cancellation (PC), mode
shift clutch speed control (MCC), DBC engagement control (DBCC), half-shaft oscillation
feedback control with PIC (HOFC-PIC), and the combined control method of PC-DBCC-MCC-
HOFC-PIC.

3.1 PC control
In the hybrid powertrain, frequent runs and stops of the ICE occur to increase the vehicle

speed. The ICE has an oscillating torque, which may cause vibration and worsen ride comfort.
When the HEV is in mode 1 of the transmission system model, the torque is calculated as

Tygy =51 Tg J{ jT , 7
Rp Rpy+Rgy )™ 2

where RR;, RS|, RR,, and RS, are the radii of the ring, sun, single planetary, and composite
planetary gears, respectively, and Ty, 7, and T),;, are the torque of the engine, the output
torque, and the torque of the second MG (MG2).

After that, 7,,, and Ty in Eq. (7) were decomposed into the mean (7") and oscillation value
(AT) as shown in Eq. (8).

Ry —Ro)(Rpr + R Ry, +R
T”(mt +ATout :_( R1 ;1); R2 SZ)(T”E +ATE)+( R2 S2 }TMGZ (8)
R1YS2

MG?2 outputs a torque of the same magnitude in the opposite phase of the first MG (MG1),
thereby canceling the oscillation on the driveline.

Rpy + Ry

_ (Rp; —Rg)(Rpy + Rg5) (

" —
RRIRSZ

out

T, +ATE)+( ](TMG2 +ng27f) ©)

RS 2

Here, T,,,, rwas the feedback torque given by the control of MG2. T,,,, rand AT} cancel each
other in the gear ratio relationship to produce the output torque. Thus, the corresponding torque
calculated for the required output is defined as
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Ty p=———"o— Al (10)

3.2 MCC

The force generated in the ICE was used as the control variable as the clutch engagement
time affected the change in vehicle speed. The clutch engagement time was determined by the
speed of the oil pressure increase in the clutch system. After the clutch is fully engaged, the
dynamic frictional force is converted to the static frictional force. Therefore, the forces generated
by the fully engaged clutch must be considered in the control method. When the static frictional
friction is caused by the clutch slip, an incomplete torque output is created to aggravate the
vibration of the output shaft. To prevent the clutch slip when it is engaged, the maximum static
frictional force must be higher than the generated torque.

3.3 DBCC

DBC generates a signal to engage in power transmission when a start signal from the ICE is
received. In this way, the torque is generated when the engine starts, which affects the damping
and causes vibration. After the ICE starts and reaches 1600 RPM, DBC outputs the release
signal. When the ICE is turned off, DBC receives the engaging signal until the crankshaft of the
ICE completely stops rotating and then outputs the DBC release signal. To ensure that DBC does
not slip, the frictional force must not be greater than the maximum output of the ICE. Without
slipping, no vibration occurs. Since DBC engages in different operational situations, the
transmitted torque from the ICE also differs. Therefore, we divided the DBC’s engagement into
10 intervals of 10 to 100% of power engagement for the simulation and analysis of vibration.
Figures 10 and 11 show the ICE torque diagrams of DBC.
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Fig. 10. (Color online) Torque diagram of DBC in 60—100% of power engagement.
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Fig. 11. (Color online) Torque diagram of DBC in 10—50% of power engagement.

3.4 HOFC-PIC

When vibration occurs, the motor provides a corresponding feedback torque to counteract it.
At the same time, to meet the power demand, the corresponding rotation speed of the gearbox is
calculated on the basis of the current vehicle speed. The calculation is conducted with Eq. (11).

N, =V, opicie ! 7 *(30/ ) (11)

Here, V, is the reference rotation speed of the gearbox, V... 1S the vehicle speed of the previous
time step, and 7 is the effective radius of the tire.
Next, the error value is sent to the PIC to obtain the angular acceleration corresponding to the

required vibration-damping torque. The error is calculated with Egs. (12) and (13). An error
value of 0 means that no vibration occurs.

AN[ :Nt_Nt_exact (12)
u=K,AN, +K, || AN,dr (13)

Here, N, ,,,.; 15 the actual rotation speed of the gearbox, AN, is the difference in rotation speed,

K, and K; are the gain values of PI control, and u is the control effort required for vibration
reduction.
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4. Results
4.1 Driving cycle

The vibration of the vehicle caused by the driving torque was analyzed in the assumed
driving cycle. The driving cycle used in this study was to accelerate from 0 to 72 km/h in the
first 15 s and decelerate to 0 km/h after reaching the target speed of 72 km/h (Fig. 12).

4.2 PC

The acceleration curve of the vibration with the original control and PC control is shown in
Fig. 13, indicating that the vibration induced when the ICE started and stopped was effectively
reduced by PC.

The frequency domain diagram of the vibration with the original control and PC control is
shown in Fig. 14. The magnitude of vibration at the damper end of the ICE at 17 Hz significantly
decreased by about 20%.

4.3 DBCC

Figure 15 shows the acceleration curve with the original control and DBCC. The engagement
of DBCC reduced the vibration by damping when the ICE started and stopped.

The frequency domain diagram (Fig. 16) shows a significant decrease in vibration magnitude
at the frequencies of 11 and 16 Hz. The result implies that DBCC was efficient in eliminating the
vibration of the ICE.

The simulation results at 10 different levels of DBCC engagement from 10 to 100% show that
the optimal level of engagement was 80% to reduce the vibration most effectively with DBCC.
The frequency domain diagram shows that the magnitude of vibration was reduced by 10% at
the amplitude of 11 Hz, which was the resonance frequency of the tire. Thus, the 80% DBCC
engagement was more effective than the 100% DBCC engagement in reducing the vibration
(Figs. 17 and 18).
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Fig. 12. (Color online) Driving cycle for analysis of vibration.
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Fig. 14. (Color online) Frequency domain diagram of vibration of original control and PC control (100%
engagement).

Acceleration(m/s”2)

— Original — DBCJDU?_&”

16
15
- 14
I
1 13
i - 12
11
1
5 10 15 20 25

Time(s)

Fig. 15. (Color online) Acceleration curve of original control and DBCC.
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Fig. 16. (Color online) Frequency domain diagram with DBCC (100% engagement).
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Fig. 17. (Color online) Acceleration curves of 100% and 80% DBCC engagements.
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Fig. 18. (Color online) Frequency domain diagram of 100% and 80% DBCC engagements.
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44 MCC

The mode-switching situation was simulated by controlling the oil pressure of the clutch with
MCC. Ten different engagement times from 0.1 to 1 s were used to simulate the effect of
vibration reduction. The acceleration curves (Figs. 19 and 20) show that vibration was most
effectively reduced at the engagement times of 0.4 and 0.1 s. When the clutch disengaged, the
vibration was reduced most effectively at 0.2 and 0.5 s (Figs. 21 and 22).

Figure 23 shows that the resonance of the tire at 11 and 2.5 Hz decreased most significantly.
However, the resonance of the ICE damper at 16 Hz did not decrease considerably. As the

vibration mainly originated from the ICE, MCC did not decrease the vibration generated by the
engine.
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Fig. 19. (Color online) Acceleration curve of MCC with engagement time of 0.1-0.5 s.
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Fig. 20. (Color online) Acceleration curve of MCC with engagement time of 0.6—1 s.
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Fig. 21. (Color online) Acceleration curve of MCC with engagement time of 0.1-0.5 s when clutch disengaged.
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Fig. 22. (Color online) Acceleration curve of MCC with engagement time of 0.6—1 s when clutch disengaged.
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Fig. 23. (Color online) Frequency domain diagram of vibration with original control and MCC.
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4.5 HOFC-PIC

When the gearbox causes vibration, the speed of each rotating part needs to be adjusted with
the torque of the motor generator for vibration reduction. The difference in vibration acceleration
between the original control and HOFC-PIC is shown in Fig. 24. By motor speed adjustment, the
vibration acceleration was reduced significantly.

The frequency domain diagram of the vibration with HOFC-PIC shows that the vibration
decreased considerably from frequencies of 2 to 12 Hz (Fig. 25).
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Fig. 24. (Color online) Acceleration curve of HOFC-PIC.
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Fig. 25. (Color online) Frequency domain diagram of vibration with HOFC-PIC.
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4.6 Combined control method of PC-DBCC-MCC-PIC

PC and DBCC reduced vibrations from the inside of the ICE, which was transmitted along
the output axis of the planetary gear. MCC reduced the shock caused by power source switching,
whereas PIC reduced the vibration caused by the rotation speed along the output axis in the
actual transmission system by controlling motor generators. In addition to controlling the torque
of the power source, the half-shaft oscillation also needs to be controlled. Therefore, we
combined PC, DBCC, MCC, and HOFC-PIC to determine how much vibration from various
parts of the powertrain was reduced. The acceleration curve in Fig. 26 shows significant
decreases in vibration with the combined control method compared with the original control.

The vibration reduction was also observed in the frequency domain diagram (Fig. 27). The
low-frequency vibration decreased significantly, which proved that the combined control method
effectively reduced the vibration of different sources transmitted to the half shaft.

— Oiginal — PC-DBC-MC-PIC]

Acceleration(m/s*2)

Time(s)

Fig. 26. (Color online) Acceleration curve of vibration with original control and combined control method of PC-
DBCC-MCC-PIC.
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Magnitude
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Fig. 27. (Color online) Frequency domain diagram of vibration with original control and combined control method
of PC-DBCC-MCC-PIC.
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5. Discussion

As shown in Fig. 28, all control methods slowed down the acceleration of the vibration of the
ICE. In particular, HOFC-PIC and the combined control method most significantly reduced the
acceleration. PC and DBCC with 80% engagement were less effective in reducing the vibration.

The acceleration curve of vibration (Fig. 29) shows that all the simulated controls reduced the
vibration. Compared with the original control, the acceleration was markedly reduced by the
simulated controls. While PC and DBCC showed a relatively larger acceleration, MCC, HOFC-
PIC, and the combined control method reduced the acceleration more effectively in 11 s after
shifting the mode of operation. Among them, the combined control method was the most
effective in reducing vibration. In shifting modes, only motor generators cause vibration.
Therefore, the combined control method is the most effective in reducing the vibration of the
engine from the mode shift to the operation of HEVs only by motor generators.

1.8

—C)riginal PC ===DBC_80% MC ——PIC ——PC-DBC-MC-PIC
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Fig. 28. (Color online) Acceleration curves of vibration of different control methods.
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Fig. 29. (Color online) Acceleration curves in shift mode with different control methods.
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Table 1
Overall shock absorption and vibration reduction in frequency domain of different control methods.

Control method PC DBCC MCC HOFC-PIC Combined control

method
Overall vibration 14.2% 34.5% 30% 81.3% 85.5%
reduction
. . 30% at 2.5 Hz
0
g’jxgﬁ " 10%at 11 Hz ~ 50%at 11 Hz  30%at2.5 Hz ;(;)O/A’;t 151 If{ZZ 70% at 5 Hz
_ 5%at 16 Hz 20% at 16 Hz 65% at 16 Hz o 80% at 11 Hz
frequency domain 80% at 16 Hz

80% at 16 Hz

The results show the effects of PC and DBCC in reducing vibration when the ICE starts with
combined effects as the two control methods complement each other’s deficiencies. When motor
generators are used, PC can be used to decrease vibration. While the ICE starts to operate,
DBCC can be operated to reduce the vibration generated by the ICE. However, it is impossible
to eliminate vibration effectively. Although DBCC does not respond to vibration fast enough,
using PC with DBCC showed a higher effect on reducing the vibration generated by the HEV by
up to 33%. MCC decelerates the change in rotational inertia during the mode shift. When
shifting modes, the vibration caused by the difference in rotation speed decreased by an average
of 23%. In the overall vibration reduction, HOFC-PIC showed the highest effect as it controlled
the overall power transmission line. In HOFC-PIC, the compensation of the half-shaft rotation
speed and power output had the most significant effect on the overall vibration reduction. The
combined control method of PC-DBCC-MCC-HOFC-PIC mitigated low-frequency vibration
most effectively. In the simulation model, the resonance frequencies of the flexible shaft, tire,
ICE, and mode shift were 5, 11, 16, and 2.5 Hz, respectively. The resonance frequencies at 11 and
16 Hz were most effectively suppressed by HOFC-PIC. By integrating the control methods, the
vibration from resonance was also significantly reduced even at a frequency of 2.5 Hz.

On the basis of the above results, the vibration reduction effects of each control method were
compared (Table 1). The peak-to-peak amplitude was used to calculate the acceleration of the
vibration and estimate the overall shock absorption. In the frequency domain, the reductions in
the amplitude of each resonance frequency (2.5, 5, 11, and 16 Hz) were compared in the shift
mode.

5. Conclusions

The energy crisis and rising awareness of global warming have recently made people more
interested in acquiring HEVs than before. For better ride comfort and efficient use of the
powertrain, it is necessary to reduce the vibration caused in various parts of the HEV. As the
HEV uses an ICE and MGs together, it has the inherent vibration problem of the ICE as well as
that caused by shifting power transfer between two different power sources. To find an effective
control method to reduce vibration, we simulated vibration with several control methods using
different simulation models. The control methods that were simulated and compared included
PC, MCC, DBCC, HOFC-PIC, and the combined method of PC-MCC-DBCC-HOFC-PIC. The
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simulation models used in this study included the driver, ICE, MG, battery, transmission system,
mode shift clutch, DBC, and flexible shaft models. The power transmission line, elastomers,
clutch system, engine damper, half-shaft, tires, damper-bypass clutch, and mode shift clutch
were considered in the simulation models. For simulation, the MATLAB/Simulink simulation
program was used.

The simulation results of the different control methods showed that each method reduced the
vibration of the HEV. PC and DBCC effectively reduced the vibration caused by the start of the
ICE and the mode shifts between the ICE and MGs. MCC and HOFC-PIC efficiently reduced
more than 80% of the vibration caused by rotational inertia during the mode shift in the power
transmission of the HEV. The control methods also mitigated the low-frequency vibration caused
by resonance at various frequencies. Resonance vibrations occurred at the flexible shaft, tire,
ICE, and mode shift at 5, 11, 16, and 2.5 Hz, respectively. The combined control method reduced
the resonance vibration most effectively and mitigated low-frequency vibration by up to 80%.
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