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Abstract: The mode transition of single-shaft parallel hybrid electric vehicles (HEVs) between engine
and motor has an important impact on power and drivability. Especially, in the process of mode
transition from the pure motor-drive operating mode to the only engine-drive operating mode,
the motor starting engine and the clutch control problem have an important influence on driving
quality, and solutions have a bit of room for improving dynamic performance. In this paper, a novel
mode transition control method is proposed to guarantee a fast and smooth mode transition process
in this regard. First, an adaptive sliding mode control (A-SMC) strategy is presented to obtain the
desired torque trajectory of the clutch transmission. Second, a proportional-integral (PI) observer
is designed to estimate the actual transmission torque of the clutch. Meanwhile, a fractional order
proportional-integral-differential (FOPID) controller with the optimized control parameters by particle
swarm optimization (PSO) is employed to realize the accurate position tracking of the direct current
(DC) motor clutch so as to ensure clutch transmission torque tracking. Finally, the effectiveness
and adaptability to system parameter perturbation of the proposed control approach are verified
by comparison with the traditional control strategy in a MATLAB environment. The simulation
results show that the driving quality of the closed-loop system using the proposed control approach
is obviously improved due to fast and smooth mode transition process and better adaptability.

Keywords: hybrid electric vehicles (HEVs); mode transition; adaptive sliding mode control (A-SMC);
clutch actuator; PI observer; fractional order proportional-integral-differential (FOPID)

1. Introduction

Hybrid electric vehicles (HEVs) have received extensive attention from the automotive industry
and academia, and are widely regarded as one of the most effective solutions to the growing use of
petroleum fuels for transportation and environmental problems [1,2]. HEVs possessing multiple power
sources have different working modes, the control strategy for the vehicle determines the working
mode according to the driver’s intention and the driving state of the car [3]. The hybrid system
equipped with an automatic clutch and an electric motor (EM) has to perform the mode transition
process from the pure electric driving mode to the engine-on driving mode in most conditions, in
which the engine needs to be started and engaged into the driveline via the clutch [4-6]. In this process,
the differences in response characteristics of each power source and the change of the state of the
transmission or the clutch may cause a sudden change in engine or motor torque, which may lead
to a non-negligible impact on the powertrain system [7,8]. Therefore, control approaches with high
performance need to be developed to guarantee the fast and smooth process of mode transition.

During the mode transition of the single-shaft hybrid powertrain, the engine can be started and
engaged into the driveline by the clutch. The performance of mode transition mainly relies on the
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quality of the clutch control [9,10], hence, the control of clutch engagement remains an important and
challenging issue during mode transition. Some researchers have dedicated much valuable work
to achieve fast and smooth clutch engagement control of mode transition for HEVs. For example,
a nonlinear feedforward-feedback controller and PID algorithm are developed in [10] to effectively
improve both riding comfort and engine-start time of a P2 hybrid vehicle. A robust control-based
hierarchical mode transition control approach is proposed in [11] to reduce the mode transition time and
obtain acceptable vehicle jerk. The double closed-loop control strategy is designed in [12] to control the
clutch transmitting required torque of engine-start process, which contains a fuzzy method as an outer
loop and a modified predictive functional method as an inner loop. Although the dynamic process and
the control objectives of the clutch engagement process of mode transition of the single-shaft parallel
hybrid powertrain are significantly different from that of the conventional vehicle, the dry clutch
engagement control design of the conventional vehicle could be a reference to the clutch control of
mode transition process. For the clutch control of the conventional vehicle, many effective approaches
have been put forward. A model predictive control approach is developed in [13] to comply with
constrains to ensure a comfortable lockup and to avoid the stall of the engine as well as to reduce
the clutch engagement time. For example, a model predictive control method with the correction
of clutch wear is proposed in [14] based on the estimation of resistance torque to achieve precise
position control of the clutch. A modified predictive functional control approach with a sliding mode
observer is proposed in [15] to obtain a satisfying performance for the automated clutch control of
vehicle. The optimal control method is designed in [16] to generate the reference trajectories of the
clutch slip speed and motor torque to provide satisfactory performance even under large variation of
vehicle mass and road grade. Moreover, another approach has been extensively studied and utilized,
such as triple-step control method [17,18] and backstepping control method [19] are adopted to solve
the optimal trajectory tracking problem to achieve accurate clutch control.

Motivated by the aforementioned analysis, in this paper, aiming at further improving the control
performance of clutch engagement during the mode transition from the pure motor-drive operating
mode to the only engine-drive operating mode, a novel control method is proposed to solve the vehicle
jerk and clutch slipping energy loss issues of mode transition process. The main feature of the proposed
method has three aspects. One is that adaptive sliding mode control (A-SMC) is introduced into the
clutch transmission torque command to generate the desired clutch transmission torque trajectory
based on the rotating speed difference between the clutch driving and driven discs. The second is that
the unmeasurable actual transmission torque of the clutch is estimated by a PI observer employing the
EM speed. The third is that the realization of the clutch transmission torque tracking is accomplished
through a fractional order proportional-integral-differential (FOPID) controller with the optimized
control parameters by particle swarm optimization (PSO), which results in performing the accurate
position tracking of the direct current (DC) motor clutch.

The rest of the paper is organized as follows. In Section 2, the dynamic models of the driveline
of a single-shaft parallel powertrain and the automatic dry clutch actuating mechanism are built.
In Section 3, the mode transition control strategy is designed. Simulation results and discussions are
given in Section 4. Finally, the paper is concluded in Section 5.

2. System Modeling

In this paper, a single-shaft parallel powertrain with the automated mechanical transmission
(AMT) is investigated, as shown in Figure 1. It consists of a conventional engine, automatic dry clutch,
electric motor (EM), and a five-speed AMT. The clutch is controlled to perform the mode transition.
In this system, the clutch is placed inside the drive motor. This HEV can operate in a variety of
driving modes: pure electric driving mode, pure engine driving mode, hybrid driving mode, engine
active charging mode, and regenerative braking mode. When the vehicle speed reaches the switching
threshold, the hybrid control unit (HCU) will send the mode transition signal to the transmission
control unit (TCU). When the TCU receives the mode transition signal, the clutch will quickly start
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to engage. Furthermore, the HCU will send the torque command to the EM control unit (MCU) and
the engine control unit (ECU) to satisfy the driving torque of the vehicle. The main parameters of the
single-shaft parallel vehicle are given in Table 1.
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Figure 1. Structure of single-shaft parallel hybrid powertrain.

Table 1. Main parameters of single-shaft parallel hybrid vehicle.

Components Description

Engine Max torque: 150 Nm, peak power: 78 kW.

Permanent magnet synchronous motor (PMSM), max torque: 80 Nm,
peak power: 30 kW.

Clutch Max torque: 180 Nm.

Electric motor (EM)

Automated mechanical

transmission (AMT) Gear ratios: 3.583, 1.956, 1.327, 0.968, 0.702. Final gear ratio: 4.05.

Lithium iron phosphate battery, capacity: 10 Ah, nominal voltage:

Battery 288 V.

2.1. Powertrain System Dynamic Modeling

The models of main components of the single-shaft parallel hybrid powertrain related to the mode
transition process are given in this part. Based on the configuration characteristics of the single-shaft
parallel hybrid powertrain, the simplified schematic of the powertrain model in a mode transition
process is presented for the design of the control strategy in Figure 2. Where T,, T, T;,, and T, are the
engine torque, the clutch torque, the EM torque and the vehicle resistant torque, respectively. w, and
wy, represent the engine speed and the EM speed, respectively. I, I;; and I, represent the engine inertia
moment, the EM inertia moment and the vehicle inertia moment, respectively. i, and i, are the gear
ratio and the final gear ratio of AMT, respectively.
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Figure 2. Simplified model sketch of mode transition.

Assuming that the tires slip is ignored, and according to the vehicle longitudinal dynamics, the
vehicle resistant torque can be calculated as follows [20]:

CpAv?

21.15

T, = (mgf cosa + + mgsina)ry 1)
where m, g, f, a, Cp, A, v and r, are vehicle mass, gravity acceleration, rolling resistance coefficient,
road slope angle, air resistance coefficient, frontal area of the vehicle, vehicle speed, and wheel
radius, respectively.

In this paper, according to the clutch operating characteristics [12], the mode transition process
from EM driving mode to engine driving mode is divided into three stages:

(i) Clutch disengaged stage
During this stage, the engine is still, the clutch is in the disengaged state, and the vehicle is solely
driven by the EM. The dynamical equation of this stage can be expressed as follows:

Tm = Tv + (Iv + Im)d)m (2)
where I, = I,/ (z{%zé) is the equivalent inertia moment of the vehicle at the EM output shaft. T, =
T/ (ialg) is the equivalent load torque of hybrid powertrain on the EM output shaft.

(ii) Clutch slipping stage

In this stage, the clutch starts to engage after receiving the command from the TCU, and the EM is
used to start the engine and drive the vehicle simultaneously. The dynamical equation during this
stage can be expressed as follows:

T = Ty + Te+ (Iy + Iy ) wom 3)

TC = Ied)e - Te (4)

{ Te = —bew,, we< W fire (5)

T, = f(ﬁ/a)e)/ We > Wire
where be, @i and p are engine frictional coefficient, engine idle speed and engine throttle opening
angle, respectively. f(B, w.) represents that the engine torque is a nonlinear function of the engine
speed and the throttle opening angle.

The clutch torque can be expressed as follows [21]:

Te = pgrcnFpsign(wm — we) (6)
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where i is the frictional coefficient, . is the effective radius of the clutch disk, # is the number of
clutch plate, F,, is the pressing force on the plates. sign(-) is the sign function described as follows:

1, wy—we>0
sigh(wm —we) =3 0, Wy —we =0 (7)
-1, w0y —we <0

At this stage, the engagement speed of the clutch has an important influence on the quality of the
mode transition. In order to meet the longitudinal jerk of the vehicle, the engagement time should be
minimized to avoid unnecessary energy loss of slipping friction.

(iif) Clutch engaged stage

In this stage, the clutch is engaged fast, the vehicle is driven by both engine torque and EM torque.
The dynamic equation can be described as follows:

Te+Tw=Ty+ (I + Ly + L) oy (8)

2.2. Clutch System Dynamic Modeling

The schematic diagram of the automatic dry clutch system is shown in the red dotted frame of
Figure 1. As shown in Figure 1, the clutch system consists of dry clutch and actuating mechanism.
The actuating mechanism includes a direct current (DC) motor used as impetus, worm gear and
planetary row employed as transmission mechanism to reduce speed. The rotational motion of the
motor is transformed into linear motion via the transmission mechanism, and the release bearing can
be released by the release fork.

According to Newton's second law and Kirchhoff’s law, the DC motor’s voltage balance equation
and torque balance equation [17] can be described as follows:

Lyig = ug — Ryig — Kpwy )

ljwy = Kaig — Kewg — Tep, (10)

where Ly, wg, 13,13, Ry and u,; are the armature inductance, the motor rotational angle velocity, the motor
rotational inertia moment, the armature current, the armature resistance and the battery voltage,
respectively. K;, K, and K. are the torque constant, the Back electromotive force (EMF) constant and
the frictional coefficient, respectively. Ty is the load torque of the motor.

Assuming that the actuating mechanism has no mechanical deformation, and according to
mechanical transmission principle, the dynamics of the actuating mechanism is described as follows:

FxthL

Tep = Lgwy + =222 11
CL eqWd el ( )
0, — %it (12)

where I is the equivalent inertia moment at the DC motor output shaft. L, i; and 7; is the release
fork arm length, the transmission ratio and the transmission efficiency of the actuating mechanism,
respectively. 0, is the motor rotational angle. F,y, is the return force of diaphragm spring. v, is the
release bearing position. Moreover, it is difficult to build an accurate model to calculate the return force
of diaphragm spring, so the test dada from the clutch manufacturer is used in this paper to regard as a
lookup table in simulation, the relationship between F,, and y, is shown in Figure 3.
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Figure 3. Relationship between spring pressure and release bearing position.
3. Mode Transition Controller Design

According to the stage division described in Section 2.1, the flow chart of the mode transition
process from EM driving mode to engine driving mode is shown in Figure 4.

acce!eration pure electric
signal driving
brake
signal
vehicle ~ |operating
speed mode
—_—

SOC

—_—r e

clutch
engagement

engine engaged
into driveline

Figure 4. Flow chart of the mode transition from EM driving to engine driving.

Firstly, the clutch disengaged begins to engage. Due to the driven disk not touching the active
disk, the clutch doesn’t transmit torque and the engine speed is zero. Secondly, as the clutch position
continuously increases, the driven disk of clutch moves past the free displacement, the clutch begins to
slip and transmit torque to the engine for speed increase. When the engine speed reaches and exceeds
the idle speed, the engine begins to fire and then will be synchronized with EM via the ECU. Finally,
the clutch engages rapidly and the engine is engaged into the powertrain. However, the fixed clutch
engagement speed will cause excessive slipping energy loss and vehicle jerk. Therefore, the mode
transition control problem could be converted to clutch control problem to achieve the fast and smooth
mode transition. The vehicle jerk and the slipping energy loss are crucial indexes of mode transition
performance, which can be described as follows:

i da
{]_dt (13)

t2
w = [ Telwm — weldt
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where j is the vehicle jerk. w is the slipping energy loss. t; and ¢, are the starting time and stopping
time of the clutch sliding process, respectively. a is the vehicle acceleration.
The effect of clutch control is characterized by the following requirement:

(1) The vehicle jerk is controlled within 10 m/s® during the clutch engagement process;

(2) The mode transition time should be within 1 s;

(3) The engine doesn’t turn off during the mode transition process;

(4) The clutch slipping energy loss should be as little as possible during the mode transition process.

The schematic diagram of the proposed control approach to mode transition from EM driving
mode to engine driving mode is shown in Figure 5.

Mode Transition Signal

T A-SMC Controller Online control Oa;;;i;nal
of | wu=L[-(k+c)e,~Nsgn(s) | T B - Ol denien = 7
oJB s+ Psgn(sN]-T. FOPID Controller I 1r[1)esoe51gn 1
Bl )= ko)), et | 1 (Vi = oV 426 @-x) !
Onl PI Observer +hy [ € (tyit b {eng, (Bl -x5) !
1| ([T =&e+& et w(o)signie) D |xs =xb v !
[ e e e e o4
| ||é. -7 @.-1,-1)
| It ity
HEV <[ DCMotor ]
= @,
© [Clutch Mechanism|
Wheel— AMT EM — = YU Engine
T £| Pressing Force |
g
s
[ Clutch |

Figure 5. Schematic diagram of the proposed control method.

From Figure 5, it can be seen that the proposed control strategy consists of two parts: the design of
clutch torque command and the torque tracking control. In the consideration of the nonlinear dynamics
of the clutch engagement and some uncertainties exiting in this process, the A-SMC technique is
adopted to generate the clutch torque command. Moreover, considering that the transmitted torque of
the dry clutch is usually not measurable, a PI observer is designed to estimate the actual clutch torque.
Meanwhile, a FOPID controller is adopted to control the torque tracking. Because FOPID is recognized
to guarantee better performance besides the simplicity realization and fine stability of the classical
PID controller due to the more flexibility and more robust in presence of parameters’ uncertainties
both in the controlled system and the controller itself [22,23]. Similar to classical PID, the controller
parameters of FOPID should be defined in advance by the designer. To overcome time-consuming
of the manual tuning and fractional calculus, an optimal tuning method is required to determine the
control parameters of FOPID. In this paper, PSO is adopted to optimize the control parameters of
FOPID offline.

3.1. Design of Clutch Torque Command based on A-SMC

Engine and EM should be considered together to design the clutch torque command. In light of
nonlinear dynamics of the clutch engagement and uncertainty during the mode transition process,
an A-SMC-based generator of the clutch torque command is designed.
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According to the powertrain dynamic Equations (3) and (4), the state variables and the control
variable of the powertrain system are selected as:

X = We, Xg = Wy, €1 = X — X4, €1g :f(x—xd) dt, u=T;

the system model can be expressed as follows:

€la = €1

{élz%e(u+Te)+N (14)
where N represents the whole disturbance resulting from the clutch engagement process including the
effect from the EM, which is not measureable but bounded with [N| < N, N is regarded as an unknown
constant although it can be estimated by the limit value of the worst case, which can be handled by
adaptive technique instead of robust control.

Therefore, the control law u = T will be designed based on the sliding mode control and the
adaptive backstepping technique. Furthermore, there is the following proposition.

Proposition 1. For the powertrain system (3)—(4) operating the mode transition from the motor driving to
engine driving, the reference trajectory of the clutch torque during the clutch engagement process can be generated
by the output of an adaptive sliding mode controller designed as follows:

T: = u = I[~(k; 4+ c1)e; — Nsgn(s) — k(s + sgn(s))] — Te (15)
with adaptive update law:
N = -yl (16)

and a sliding mode surface:
s =kiein + e (17)

where ey = eq + c1e14. N is the estimate of the unknown constant N. ¢, ki, b, B and y are adjustable positive
real values, and c1, k1, h should be chosen satisfying the following condition:

1
1+ hk% >0, h(C] +k1) > Z (18)
Proof. Firstly, a Lyapunov function is constructed as follows:
1

V1 = EE% o (19)

considering e as the virtual control, the time derivative of V; is calculated as:
Vi = e14610 = €1062 — 162, (20)

And then, a Lyapunov function for the system (14) is constructed as follows:
1,

Vo=Vi+ 58 (21)

considering (20), it follows:

. 1 .
Vo = ejqe0 — cleix + s[klel + I—(u +Te) + N—x4+c1eq (22)

e
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Therefore, when the control law u is designed as (15) with (17), the following inequality holds.
V) < e1qe2 — €163, — hs* = hpls| + Ns| - Nis| = —e"Qe — hBls| + Nls| (23)

where X .
Q— C1 +hk1 hkl_i eT

- - N=N-N
I’lkl _ % h 7 [ela/ 62]/N

Finally, a Lyapunov function for the whole closed-loop system is constructed as follows:
)
V3=V, + —N (24)
2y
considering (23), the time derivative of V3 satisfies the following inequality.
. 1~
V3 < —e'Qe — hpls| + Nls| - ;NN (25)
then, considering the adaptive update law (16), it follows:
V3 < —eTQe — hfls| (26)

Due to the condition (18), Q is a positive definite matrix so that V3 <0, VYe,s, N, thus, the whole
system is Lyapunov stable at the equilibrium (e, = 0,5 = 0N = 0). Furthermore, based on the
principle of LaSalle’s invariant set, it follows that e; — 0, namely, w, — @y as t — co.

It means that if the clutch torque output is rendered as the trajectory T7 (15), the whole driveline
dynamics during the clutch engagement process under the mode transition from motor driving to
engine driving is stable and the engine speed can be synchronized with motor speed. Meanwhile,
it should be noted from (26) that the convergence rate of w, — w; is dependent on Q, §, namely,
is closely related to the choice of the adjustable parameters ¢y, i, k1, f. Thus, for better convergence
performance, these parameters should not be too small, but they should not be too large to avoid
oscillations in the trajectory under the premise of satisfying the condition (18). O

3.2. Design of PI Observer

The dry clutch system has a strong nonlinearity and many factors have an effect on the clutch
engagement performance, such as the plate temperature and the slipping speed. Therefore, it is
difficult to accurately calculate and measure the transmitted torque of the dry clutch in engineering.
For this regard, according to [24,25], a PI observer is designed to estimate the transmitted torque of the
dry clutch.

The actual transmitted torque of the dry clutch can be expressed as follows:

T.=Tyo+ A(E)
|A(e)] < y(e) (27)

&= Oy — Wiy

where T is the initial transmitted torque, ¢’(¢) is the bound of the unknown function A(¢), and @y, is
the estimate of the EM speed. Thus, a PI observer of the transmitted torque is designed as follows:

{ Te = &pe + & [ edt+i(e)sign(e) (28)

C;A)m = [Lm(Tm_Tv_TC)

where &, and &; are the proportional gain and the integral gain of the PI observer, respectively.
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The selection of the two parameters follows the principle that they should not be too small for the
better convergence accuracy of the observer, but they should not be too large to avoid overshoot, that
is to say, the compromise is required between better transient and steady-state performance. The detail
can refer to the adjusting rules of PI gains presented in [25].

3.3. Design of Clutch Torque Tracking Controller

For guaranteeing the clutch transmission torque fast tracking the desired torque trajectory obtained
by the SMC-based adaptive controller (21), a FOPID controller in the following form [26] is adopted to
generate the voltage 1, of the DC motor to actuate the clutch.

-A
alt) = ket + i ge(t) + ks [ () 9)

where e(t) = Ti(t) - Tc(t). kpa, kig and k; are the proportional, integral and differential gains,
respectively, and A and 6 are positive coefficients of the fractional-order. The detail on the adjusting
rules of FOPID parameters can refer to the description in [27], and to avoid the fractional calculus,
an optimal tuning method is usually required to determine the control parameters of FOPID.

In this paper, the PSO algorithm is adopted to seek optimal gains of FOPID controller [28].
It should be noted that the PSO algorithm is executed offline to obtain the optimal parameters of
FOPID. The schematic diagram of the parameter optimization offline and the flowchart of the PSO

algorithm are shown in Figure 6.

initilaize particles with random
positionX;and velocity V,

L

calculate the fitness function of
each particle

Tea ITAE = | t]e(t)dt

performance

index

L FOPID driveline dynamics
|_> cont:oller clutch output (6)

/ updateP,and P;:

X; P, = X!|ISE,, =min,ie{1,2--,m)}
L PSO algorithm ’ X!

P, = P|ISE, =min,i € {1,2--,m}

updateX;and V,by (31)

in"] v

4

Y

N
| PX - [k}ni ’ kid /kmu /1, ,U] |

end

(a) (b)

Figure 6. Schematic diagram of the particle swarm optimization (PSO) algorithm. (a) Schematic
diagram of the parameter optimization offline, (b) flowchart of PSO.

In the algorithm, m is chosen as the number of particles, and each particle X; = [kpd, kig, kaa, A, ).
The integrated time absolute error (ITAE) criterion is utilized as the fitness function, which can be
described as follows:

ITAE = f te(t)|at (30)
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wheree(t) =T ,(t) = Tc(t), T ,(t) is given as the idea trajectory of the clutch torque during the clutch
engaging process, and Tc(t) is the clutch torque output of the model (6) with the driveline dynamics
established in Simulink. The update principles of the velocity V; and position X; of each particle during

the iterations can be described as follows:

k1 _ vk k _ yk kK _ xk
{ Vi ' = Vi + & (P = Xi) + M (P, - X5) (31)

k+1 _ yk k+1
Xz‘d o Xid - Vid

wherei=1,2,...,m,d=1,2,...,5. kisiteration steps, k =0,1,2,3, ..., ky. P;, Pq are the individual
optimal position and global optimal position, respectively. A1 and A; are acceleration factors that are
non-negative constants. &1 and &; are random numbers between 0 and 1.

In this paper, considering the calculation accuracy and the large computing burden of PSO, choose
m = 20, ky, = 100, select Xjmax = [1,1,1,2,2] and Xjmin = [0.00001,0.00001,0.00001,0.00001,0.00001].
The parameters are offline optimized as: ks = 0.5, kijy = 0.5, kgg = 0.0001, A = 0.97, 6 = 0.83.

4. Simulation Results

In this section, the simulation model of single-shaft parallel hybrid powertrain is built based
on MATLAB/Simulink. It is worth mentioning that the system modelling presented in Section 2 is
a control-oriented model, but the model with high fidelity in the simulation is further detailed in
order to simulate the real vehicle powertrain more realistically, such as more realistic nonlinearity
and complexity are modeled for the dynamical description of the whole driveline system, and the
delays of the control transmission and measurement are also taken into account. The simulations of
launching and accelerating process are carried out to verify the effectiveness of the proposed method.
The driver’s demand torque in simulation is shown in Figure 7. The main system parameters of the
studied hybrid powertrain are given in Table 2.

150 T T T T

100} 4

Demand torque (Nm)

(=]

Time (s)
Figure 7. Driver’s demand torque.

Table 2. Main parameters of the simulation model.

Parameter Value Parameter Value

m 1250 kg @ fire 800 r/min

g 9.8 m/s? Ly 0.0003 H

f 0.022 I 0.0001 kg m?
a 0 Ry 020
Cp 0.9 K, 0.041 V/(rad/s)
A 2.4 m? Ky 0.041 Nm/A
Tw 0.293 m K. 0.001 Nm/(rad/s)
I 0.2 kg m? Je 0.003 kg m?
L 0.1 kg m? L 0.045m

I 1.9 kg m? i 135.8

be 0.025 Nm/(rad/s) Mt 0.61
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Moreover, in the simulation, according to the selecting principle presented as in the previous
section, the control parameters of the A-SMC, PI observer and FOPID controller are chosen as:

c1 =08k =03,h=09, =257y=01,& = 0005 &= 1.1, 2)
kpa = 0.5, kig = 0.5, kgg = 0.0001, A = 0.97, 6 = 0.83

4.1. Comparative Analysis

To evaluate the control performance of the proposed method, the comparison with the conventional
engineering control method is presented. Firstly, Figure 8 shows the effect of the observer of the
clutch torque.

120 T T
Actual value
— = = Estimated value

100+

Clutch torque (Nm)
3

20+

0
55

o

Time (s)

Figure 8. Result of PI observer.

As seen in the Figure 8, the estimated value of clutch torque converges to the actual value quickly
in approximate 0.7 s, and the estimate error is within an acceptable scale.

Further, the comparison result during the mode transition from EM driving mode to engine driving
mode is shown in Figure 9. Meanwhile, for clarifying the comparison on the control performance
index, these comparison results are summarized in Table 3.

120 T T 2000 T T
—~ = = EM-Novel method
100 - Engine-Novel method| — E?]’:o‘fﬁl r\:\eltrr;oc(ih |
----- EM-conventional 1600 gine-Novel metho
~wweeeeeeEngine-conventional = M-conventional -
80 v & E -_Engine-conventional | .=
_ T c —
E A 7| D p— |
| S 4o g 1200 7 ;
=2 ] )
g : ; /
g 4F E 800l ! , -
& S / ,
s /
20+ £ / ,
= g00f / , -
0 /
/ ’
/s ’
-20 0 4 ’ L
55 . .5 6 65 7
Time (s) Time (s)
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Figure 9. Comparison result in simulation. (a) Engine and EM torque, (b) engine and EM speed,
(c) vehicle jerk, (d) clutch slipping energy loss.



Electronics 2020, 9, 54 13 of 16

Table 3. Summary of comparison results for two methods.

Performance Index Proposed Novel Control Conventional Control
Mode transition time [s] 0.75 0.6
Vehicle jerk [m/s?] 8.1 23.9
Clutch slipping energy loss [J] 1976 2051

As shown in Figure 9a,b, and Table 3, the mode transition time of the proposed control method
is 0.75 s, longer than that 0.6s of the conventional engineering control method, which is helpful to
reduce the vehicle jerk. The whole mode transition process takes no more than 0.8 s and vehicle keeps
accelerating in the novel method, which meets the control target. It can be seen from Figure 9c and
Table 3, the maximum value of vehicle jerk 8.1 m/s® is less than 10 m/s? in the novel method during
the mode transition process, which is far less than that 23.9 m/s® of conventional method. Moreover,
the novel method generates less slipping energy loss 1976 ] than that of conventional method 2015 J,
shown in Figure 9d and Table 3. Comparison of vehicle jerk and slipping energy loss indicates the fast
and smooth advantages of the novel control method.

4.2. Adaptability Analysis

Some system parameters may change as the system and road conditions change during the actual
mode transition process of single-shaft parallel hybrid electric vehicles, such as the frictional coefficient
b, vehicle mass m, rolling resistance coefficient f;, road slope angle «, clutch mechanical deformation
and so on. In this subsection, the vehicle jerk and clutch slipping energy loss of mode transition with
different b,, m and f, are studied to verify the adaptability of the proposed novel control method.
The simulation result is shown in Figure 10 and summarized in Table 4.
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Figure 10. Comparison result for adaptability analysis. (a) Vehicle jerk under different engine frictional
coefficients, (b) clutch slipping energy loss under different engine frictional coefficients, (c) vehicle jerk
under different vehicle mass, (d) clutch slipping energy loss under different vehicle mass, (e) vehicle
jerk under different rolling resistance coefficient, (f) clutch slipping energy loss under different rolling
resistance coefficient.

Table 4. Summary of comparison results for different parameter variations.

Physical Name Parameter Variation Vehicle Jerk Clutch Slipping Energy Loss
be = 0.02 8.34 1990
Frictional coefficient b. = 0.03 8.31 2071
be = 0.04 8.08 2152
m = 1200 9.01 2013
Vehicle mass m = 1300 8.21 1998
m = 1400 8.45 2003
. . fr=10.01 8.95 2046
Rolling resistance £ =0016 8.26 2031
£ =0.022 8.23 1997

From Table 4, Figure 10a,b, it can be seen that both vehicle jerk and clutch slipping energy loss are
very small in the different engine frictional coefficients 0.02, 0.03, 0.04. It indicates that the proposed
novel control method is adaptive to different engine frictional coefficients. Similarly, as seen from
Table 4, Figure 10c,d, and Figure 10e/f, the vehicle jerk and the clutch slipping energy loss are all very
small in different vehicle masses 1200 kg, 1300 kg, 1400 kg, and different rolling resistance coefficients
0.01, 0.015, 0.022. These demonstrate that the proposed novel control method is adaptive to different
vehicle masses and rolling resistance coefficients.

5. Conclusions

A novel control strategy of mode transition from EM driving to engine driving has been developed
to reduce vehicle jerk and slipping friction energy loss for a single-shaft parallel hybrid powertrain
in this paper. The proposed control strategy includes a SMC-based adaptive controller obtaining
the desired clutch torque, a FOPID controller actuating the clutch mechanism to track the desired
clutch torque, and a PI observer estimating the unmeasurable actual clutch torque. These three parts
cooperate well to accomplish the mode transition from the EM driving mode to the engine driving
mode with satisfactory control performance. For better tracking control performance, a PSO algorithm
is used to optimize the control parameters of the FOPID offline. Both theoretical analysis and the
simulation comparison with the traditional control strategy verify this point. Moreover, the simulation
results under various physical parameter variations also show that the proposed novel control method
is adaptive to system parameter perturbation.

In this paper, the effects of the clutch wear isn’t taken into account in the controller design, so
mode transition control considering more performance index including clutch wear will be studied in
future work.
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