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Model Reterence Adaptive Control for Hybrid

Electric Vehicle With Dual Clutch
Transmission Configurations

Walid Elzaghir

Abstract—This paper proposes the use of an adaptive control
of a hybrid electric vehicle with dual clutch transmission (HDCT).
First, this paper shows mathematical equations for the nonlinear
system. Then it presents the linearized model for the proposed
system. The control objective of the model reference adaptive
controller (MRAC) considered in this paper is to minimize fuel
consumption and reduce torque interruption in a hybrid electric
vehicle. The MRAC can be used to control the electric motor
during changes in speed and gear, and the system can adapt
to a model that simulates different driver patterns. The effects
of using different model responses as input combinations are
analyzed in an effort to exploit the over-actuation feature of the
system, as is the sensitivity of the performance to various design
factors. The simulation results for an HDCT demonstrate that the
MRAC achieves reduced torque interruption and less vehicle jerk
compared to the conventional method of operation.

Index Terms—HEV, DCT, MRAC, control, simulation.

I. INTRODUCTION

YBRID electric vehicles(tHEV) with parallel architecture,
H and dual clutch transmission (DCT) are studied in this
paper. These vehicles offer the flexibility of improving fuel
economy and emissions without degrading safety and reliabil-
ity parameters. The durability and performance enhancements
of HEVs have encouraged the development of the appropriate
power-train configurations and associated component resizing
and control strategies.

The HDCT configuration consists of an internal combustion
engine (ICE), an electric motor connected within the transmis-
sion, and a DCT, as shown in Fig. 1. To make full use of the
HDCT power-train topology, frequent transitions between dif-
ferent modes are necessary to optimize the vehicle operation [1].
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Fig. 1. The HDCT vehicle architecture

The torque produced by the ICE and the motor are combined at
the transmission and the total torque is transferred to the wheels
[2]. The DCTs have two input shafts. Therefore, by connecting
an electric machine to one of the shafts, a hybrid dual clutch
transmission can be obtained.

In an HDCT, the engine speed depends on the vehicle’s speed.
The power-train consists of only one electric machine, which
can be made to operate both as a generator and as a motor,
depending on the requirements thereby obtaining full hybrid
functionality, in this case, the electric motor does not need to
be high since the motor torque can be multiplied by the DCT.
therefore, the power system consume less fuel. The first clutch
is used for the odd gears and the second clutch is used for the
even gears. The electric machine is connected to one of the input
shafts and can use the 2nd, 4th, 6th and reverse gears, whereas
the engine can use all the gears including the reverse gear.

This paper shows the feasibility of using model reference
adaptive control (MRAC) to control the performance of the
HDCT so that the driver can choose between different vehicle
modes [3].

Two specific modes are addressed in this paper: (i)Sport Shift-
ing Mode and (ii) Comfortable Mode.

1) Sport Shifting Mode: This mode allows the driver to feel
the transmission shifting from one gear to another and
have the manual transmission experience.

2) Comfortable Mode: This mode provides smooth transi-
tions between gears.

The MRAC controller have been well established for many
nonlinear problems, such as the Shunt active power-filter sys-
tem [11], the Piezo-positioning system [13], the Three-phase
three level boost rectifier [4], Controlling water level of boiler
system [12], DC electric drive alone [8], and Control and Real-
Time Optimization of Dry Dual Clutch Transmission during the
Vehicle’s Launch [14]. In addition, a model reference control
law is proposed to coordinate the motor torque, engine torque,
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Fig. 2. Different parallel hybrid architecture.

and clutch torque to manage transitions to Series-Parallel Hy-
brid electric vehicle (SPHEVs) [15]. Although many researchers
have studied dynamics and control during clutch engagement for
conventional vehicles [16], [17], their strategies and conclusions
are not directly applicable for the problem at hand, given the dif-
ferences between HDCT and conventional vehicles. For HDCT,
one more external torque, i.e., the motor torque, is applied to the
powertrain, together with the engine torque. Others have applied
the controller mechanism to SPHEV with conventional trans-
mission only. Accordingly, their control objectives are different.
For HDCT, the engine and the traction motor are two alternative
power sources, and thus, the objective is to smoothly engage the
clutch without causing torque interruption, regardless of which
source is powering the vehicle.

A similar design has been patented by GM with two elec-
tric machines (one as generator), but was never developed as a
product [5]. Our system is equipped with one motor that can
serve as a generator as well, which makes the proposed de-
sign less expensive and the torque range of the EM does not
need to be high since the EM torque can be multiplied by the
DCT. Shown in Fig. 2 are some similar designs equipped with
one motor only. The first configuration (EM connected before
transmission) and the third configuration (EM connected after
transmission) are similar to the power-train of the *Audi A3-
etron’ and 'P1-McLaren’ respectively, exhibited at the March
2013 Geneva Motor Show. The second configuration (EM con-
nected within transmission) is our design studied in the paper.
The proposed design is different from the existing state of the
art on controllers.

To the best of our knowledge, no relevant literature on
MRAC with HDCT system (motor connected within transmis-
sion) problems have been found.This paper proposes a HDCT
configuration with model reference adaptive control (MRAC)
to cover the power lost by the engine during gear shifting or
speed changes, with reduced drive-line interruption and fric-
tional losses for HDCTs.

II. STATEMENT OF THE PROBLEM

The objective of this paper is to design a motor controller
for HDCT topology so that the motor torque covers the torque
lost by the engine during gear shifting or speed changes. In
this respect, this design will minimize the fuel consumption,
reduce torque interruption, and vehicle jerk due to shifting. The
speed of the vehicle should track the desired performance of
the adaptive control system specified by a reference model [6].
In this paper, a standard first-order response is chosen as the
reference model [7]. The controller should be able to operate
under the following three conditions:
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Fig. 3. Engine fuel map as a function of throttle and engine speed.

1) Vehicle operating under constant speed and the fuel in-
jected into the ICE undergoes a step change. This is to
study the ability of the motor controller to adapt to the
torque output of the ICE.

2) Throttle is fixed but there is a step change in the desired
speed. This is to study the ability of a motor controller to
take over when the driver desires a rapid change in speed.

3) Throttle and speed are both fixed but the ICE gear changes.
The motor controller should be able to mimic the typical
behavior of a manual transmission (sport shifting mode) or
mimic the typical behavior of an automatic transmission
(comfortable mode).

III. THE EQUATIONS FOR THE DYNAMICS
The dynamic equations of each subsystem are provided in
this section.
A. The Electric Motor

The equations for the electric motor [8] are

d wpo .

ImotL + bwmot = Ki— Tmot (1)

dt

. V{ -
i= f’Tg,s = Kwpor. )

Eliminating ¢ and & we get
dwmot Kz K‘/dc

Imo b ey mot = — Dot 3
— + { + R}w ¢ R )

where, 1,,,; is the effective inertia of the motor, 7 is the current
in the armature circuit, 7}, ,; is the torque delivered to the drive
train by the motor, V. is the voltage supplied to the motor from
the battery, b is the motor friction constant, K is the electromotive
force constant; R is the resistance of armature circuit;and w,;, o;
is the motor speed in rad/s.

B. The Internal Combustion Engine

The characteristics of an internal combustion engine (ICE)
can be represented by a nonlinear static map. The torque gener-
ated by the engine depends on the fuelling (u;.) and the engine
speed (w;.). The engine is modeled as a function of the current
throttle input from the driver pedal (fuel) and the engine speed
as shown in Fig. 3.

The engine torque can be expressed as,

T% = f(uicywic)
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where,
u;. is the engine fuel input; w;, is the engine speed in rad/s.
We approximate f(u;.,w;.) by a quadratic function in u;.
and w;,, the resulting engine torque equation can be written as,

2 2 2
Tie = (Cuwic + crpwie + 013) Ui + (021wic + cnwic + 023) Uje

+ (e31w;7, + cxowic + c33). “4)
C;; (for 4,5 = 1,2,3) are constant values derived for the ap-
proximation of the quadratic function of the fuel map us-
ing the Maxima tool. Fig. 4 quantify the percentage change
for fuel engine map and its approximation from quadratic
function.

Applying Newton’s 2" law, we obtain,

d ic
L’,(' e

S o
= =T,

— Tic (&)
where,
I;. is the effective inertia of engine,7; is the torque generated

by the ICE, and T;. is the torque delivered to the drive train.

C. Dual Clutch Transmission

A DCT combines the convenience of an automatic transmis-
sion with the fuel efficiency of a manual transmission. It houses
two separate clutches, one for odd and one for even gear sets,
eliminating the need for a torque converter. To ensure smooth
shifting and optimal efficiency, DCTs need sophisticated con-
trollers capable of preselecting the next gear and engaging the
appropriate clutch precisely when required.

The torque transmitted through DCT can be expressed as,

dwpcr

I
peT 1

=T, —Tper

where Tp o is the torque carried by DCT, wpeor and Ipor
are the speed and the mass moments of inertia of the flywheel,
respectively.

For the sake of easily designing the controller, further as-
sumptions about motional relationship among the output shafts
of transmission and the engine speed should meet the equations
Wie = WDPOT>Wmot = Wic (imot /%) and the gear imposes a sin-
gle constraint, specified by the fixed gear ratio,consequently the
DCT equation is embedded into the HDCT plant equation.Then
the HDCT simplified model is shown in Fig. 5.

The power split ratio « for HDCT design is defined as the
power request to the motor (F,,,;) divided by the total power
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Fig. 5. Schematic of hybrid dual clutch transmission.

request at the wheels (F,), which can be expressed as,
P, mot

Po
Therefore, ICE torque and power are given by,

u =

1_
U=y p,

Yic

T

= =1 —-u)P,.

Motor torque and power are given by,

Tmot - .(L)Toa Pmof, = ’U,PO.

tmot

D. The Hybrid System of the Motor, Engine and DCT

Both the engine and the motor provide the required power
to the drive shaft, depending on the vehicle speed. The vehicle
torque output can be expressed as,

T, = tmot Dot + %icTic. (6)
where, i,,,; and ;. are a constant ratio.
The longitudinal vehicle dynamics can be expressed as,
. 1
F, =mg(fo + fiv) + mgsinf + 3P Cp Av? 7

where, Cp is the aerodynamic drag coefficient, v is the vehicle
speed, fo and f; are the friction force constants, and mgsinf is
the incline force.

Applying Newton’s law yields,

dv T,
—=22_F 8
mn dt r ! ®)
and the hybrid plant equation is,
dv s
T =Co+ Civ+ Crv”™ 4+ BV, 9

where, Cy, C, C, and B can be expressed as shown at the
bottom of the next page.

Following assumptions are made for (9):

1) The slope of the road is assumed to be negligible.

2) When the throttle is constant: Cy, C'y, C; and B are always
constant parameters.

3) When the throttle is varying, the parameters will vary
slowly and the switching from one value to another oc-
curs at low frequencies. In the throttle change case,there
should be enough time between changes so that 0} can



994 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 2, FEBRUARY 2018

guarantee closed loop stability and the adaptive law has
time to “learn” about the change in the parameters, the
same approach as above can be used to show that the er-
ror will be bounded, provided the switching frequency is
sufficiently small, as shown in Fig. 7.

The system described by (9) can be easily converted to a
first order linear system using feedback linearization. We are
primarily interested in systems where v tracks a desired speed
profile vy, and it is slightly more intuitive to write the control
law as,

Vie = 0104 + 05 (vg — v) + 05 + 0407 (10)

Note that the feedback law given in (10) can be written in a
concise form as,

Uq
Vg — VU
1

’U2

Vac= [0 6, 65 064 =00 (1)

The choice of the symbols 6 and @ is to be consistent with the
generally accepted notation used in MRAC, and 6 is a vector of
gains to be determined. The gains ; can be expressed as,

0, — (_Cl_am +bm)0 o (Cl+anl)
1= B ;U2 — B
h=p =g

The above choice of gains will result in the following closed
loop system,

dv
dt

This shows that by proper choice of the gains, we can obtain
any first order linear system behavior.

In the next section, we briefly introduce the key results con-
cerning the model reference adaptive control (MRAC) to show
how we can design an adaptive control so that the gains can
be tuned in real time to achieve any first order linear system
behavior.

— QU + by vg.

IV. THE ADAPTIVE CONTROL LAW

A. The MRAC Architecture

The MRAC architecture (as shown in Fig. 6) contains a
reference model that is built to match the desired powertrain

d v,
—::": - AV + by n

Reference Model

+ €(0)

@

Vae

+ + +

Io{22= Co + Cyv + Cv? + BViac |-
:

+

Smart Gain( MIT)

i
@

Hybrid Plant Model

(6

Adaptation Law

i| Adaptation Law

o
il

The MRAC architecture for HDCT.

Control Law

Fig. 6.

dynamics of the driving mode. An output feedback MRAC al-
gorithm will be proposed, the conditions for closed-loop system
stability will be derived, and the methods for selecting input
combinations and controller parameters will be discussed. The
discussions and experimental results presented will establish the
effectiveness of the proposed MRAC.

B. The MIT Rule

The gradient method, also referred as the MIT rule, was de-
veloped by the Instrumentation Laboratory at the Massachusetts
Institute of Technology (MIT) [9]. It will be assumed that in the
closed loop system, the controller has one adjustable parameter
6. The parameter e(f) represents the error between the output
of the plant (y,4,.()) and the output of the model reference
(Ymodet (0)). The goal here is to adjust 6 to minimize the cost
function J(6) = 1e(6) [10].

1) The tracking error is: €(8) = Ypiant (0) — Ymoder (6)

2) The form cost function is: J(6) = 1¢?(6)

3) The update rule is: ‘(gf = 775—‘] = f’yeg—g

It is important to highlight that change in 6 is proportional to
the negative gradient of J(6).

C. The Adaptive Control Law

The adaptive control law is very general. Here, we focus on
a special case of a first order system where the model is a stable
linear system. The adaptation is a set of feedback gains, and the
control signal given in (11) for the MIT rule can be expressed
as,

f=—d" ¢ (12)

. 2 .
r(c13ticus, + Ca3licUic

—mgrsind — fomgr+ i)

Cy =
Ir ’
; L) 2
Cr - imotIr BK — cpai2.rul, — cniz rui. + fimg 3 + bi2, v — cxizr
| = —
IT T ’
1 3 2 3 3
o — 5p Cpr’ A — cllzwuw €187, Ui — C31%3,
2 = = )
IT r
B = imat rK
Ir R’

)
Ir=m r’+ me Lot + 15, Lic.
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In terms of each gain, the above formula is decoupled and can
be written as,

0 = —yvg €6, = —v (vg — ) e = —yle by =—yv’e.
V. PROVING THE CONTROL LAW AND STABILITY USING

LYAPUNOV’S METHOD

The adaptive control of non-linear plants using the MRAC
method is discussed next. The hybrid system developed from
the complex system can be represented using the following first-
order differential equation,

dv

dt
where, v and V. represent plant output and input, respectively,
and v? denotes the quadratic engine map.

:CQ—I—OlU-i-CQ’Uz—‘rBVdC. (13)

A. Problem Specification

Let the desired performance of the adaptive control system
be specified by a first-order reference model,

dv,,
dt

where, a,, and b, are constant parameters and v, is a bounded
external reference signal. The parameter a,, is required to be
strictly positive to ensure stability of the reference model, and
b, is chosen to be strictly positive without loss of generality
[10]. The motivation behind using the adaptive control design
is to formulate a control law and an adaptation law such that the
resulting error v — v, asymptotically converges to zero.

= —Qm Uy + bm Uq - (14)

B. Choice of Control Law

As the first step in the adaptive controller design, let us choose
the control law to be,

Vdae = élvd + éz(vd —v)+ é3 + é4v2. (15)

where, 1, 65, 65, and 6, are variable feedback gains. With this
control law, the closed-loop dynamics can be expressed as,

p ) X R R
di; = (C, — Bb)v + (B6, + Bb)vy + Bb;s
+ Co + (Bls+ Co)v?

If the plant parameters were known, the values of the control
parameters would be (initial values),

(16)

0F — (_Cl — Qy + bm). 0 — (Cl + am)
1 — B s Vo — B

G . —C
93 BO7 94:?2

which would lead to closed-loop dynamics identical to the ref-
erence model dynamics, and yield zero tracking error. In this
case, the first term in (15) would result in the right DC gain,
while the second term in the control law (15) would achieve the
dual objectives of canceling the term C; v in (13) and imposing
the desired pole a,, v, .

In the adaptive control problem, since Cy C, C, and B
are unknown, the control input will achieve these objectives
adaptively, i.e., the adaptation law will continuously search for

the right gains, based on the tracking error v — v,,, so as to
make v tend to v, asymptotically.

C. Choice of Adaptation Law

The adaptation law for the parameters él, éz, 93 and 94 can
be chosen as follows.
Let,
€=V — Uy, (17)
be the tracking error. The error of each parameter is defined as
the difference between the controller parameter provided by the
adaptation law and its corresponding ideal parameter, i.e.,

AT

= 0> 0, — 03

0t)=1|=1|=1|> 2 18

©= 15|~ |6 (8)
04 Oy — 0

The dynamics of the tracking error can be found by subtracting
(16) from (14) results in,

de _dv _ dum
dt  dt dt
de

% = (Cl — Béz)v + (Bé[ + Béz)vd + Bé3 + Cy

+ (Bl + C2)0? + Uy — by v4g. (19)

Thus, the adaptation law can be expressed as,

0 :—’Yevéézz—7€Udé3=—’}/€;é4=—’yevz.

D. Tracking Convergence Analysis

With the control law and adaptation law chosen above, we can
now analyze the system’s stability and convergence behavior
using Lyapunov theory. The Lyapunov candidate function can
be expressed as,

1 B
V= *62 —(91 HT)Z

B . *\2
2 2 +g(92—92)

A B .

LB —er s B 20
> 7( 3 — 03) 27( s —6}) (20)
It is important to note that the error goes to zero if the param-

eters of the controller are set to the initial values. This function

is zero only when the error is zero and the controller parameters

have the correct values. The derivative of V is given as,

aVv de .
pT Ee + — (91 0 )91 + — 5 (92 — 92)9
+ ;(02 9g)93 + — (94 — 94)9 210

Substituting (19) into (21) with the values

am = —Cy + BO3; by, = B(0; +03)A0, =0, — 0"
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yields
av s s A s
E = 6[C11) — BQzU + Bgl?)d + B(‘)Zvd + 303
+ (B94)v2 + ap vy — BOjvg — BO3v,]
B B
+ —(Af)(=yev) + —(Ab)(—y e va)
Y Y
B B
T (A0)(—ve) + (Ab)(—ve V). (22

If the parameters are updated as

b =—veuvifh=—yevss=—ye;fy=—yev’ (23)

The resulting derivative of the Lyapunov candidate function
can be expressed as,

dv

i —am, (v —vy)e.

(24)
and
€=V — Uy

and therefore the final result is given as,

d—V = —a 62
dt - mC -

Thus, the adaptive control system is globally stable, i.e., the

signals e, él s éz, 05 and é4 are bounded. Furthermore, the track-
ing error (e(t)) is guaranteed to be asymptotically convergent
to zero because the boundedness of e, 07, 03, 65 and 6} implies
the boundedness of e(t), which implies the uniform continuity
of V.

As a result, the error function will converge to zero, for the
adaptive control system is globally stable. A short analysis of
Fig. 7 reveals the powerful development of the control system
and demonstrates its adjustability.

VI. RESULTS AND DISCUSSION

To demonstrate the effectiveness of the MRAC control un-
der both tracking and regulatory conditions, the performance of
the engine and DC motor is simulated under various operating
conditions, such as varying the speed, varying the throttle, and
shifting the gears, for both the DCT and the traditional trans-
missions. The experimental results show that the robustness is
greatly enhanced by this adaptive scheme and the results show

Speed (mph)

i i i i i
] 0333 0667 1 133 167
Time (mins)

Fig. 8. Response of the comfortable car.

T T T T T T T
o S : . r

Speed (mph)

i i i i
o 0.0833 0.167 025 0333 o7 05 0583
Time (mins)

Fig. 9. Response of the sporty car.

excellent convergence to the desired speed under various condi-
tions. In addition performance of the proposed controller is also
evaluated for:

1) selection of desired driving mode,

2) sensitivity investigation of the response of the MRAC con-
troller under the selection of various operating conditions
with traditional transmission, and

3) experimental validation of the MRAC used in an HDCT
bus and a simulation study to compare the results of the
proposed MRAC with the conventional controller.

A. Driving Selection Modes

Our first experiment aims to

1) Comfortable Car:

This mode has smooth shifting with no sense of any gear
change, therefore, it takes longer to reach the desired value, as
shown in Fig. 8.

Desired Model: 44 = —0.1(vg — v)

2) Sporty Shifting Car:

This mode allows the driver to feel the shifting of the trans-
mission and have the manual transmission experience; it takes
less time to reach the desired value, as shown in Fig. 9.

Desired Model: ¢ = —10(vy — v)

B. Sensitivity Analysis of the MRAC Controller

a) Case 1: Speed is constant, Throttle is varying: Increasing
the engine throttle angle will cause the engine torque to increase,
as shown between time 200 s thru 250 s in Fig. 10(a), for
example. The vehicle acceleration changes and the engine torque
responds proportionally to the throttle; the engine accelerates to
produce more torque and the controller reduces the motor torque
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Fig. 10.
ing gears.

Simulation results. (a) Varying throttle. (b) Varying speed. (¢c) Chang-

by the same amount to maintain a balance. Similarly, reducing
the engine throttle angle will cause the engine torque to decrease,
as shown at time 50 s in Fig. 10(a). Thus, the electric motor will
turn on to assist, and the MRAC controller will supply more
voltage to the motor to compensate for the torque lost.

b) Case 2: Throttle is constant, Speed is varying: At higher
speeds, the gasoline engine provides the primary power for the
hybrid system, and the electric motor assists when extra ac-
celeration is needed, such as for passing, stopping, or starting.
Meanwhile, to meet the HEV’s fast torque response, the MRAC
supplies more voltage and an additional acceleration is imposed
on the motor torque [see Fig. 10(b)]. Both the engine and motor
torque are changing simultaneously to accommodate the change
of speed. However, when the speed is varying, the contributions
of the engine and the motor are inversely proportional to each
other.

c¢) Case 3: Changing Gears: Shifting into a higher gear will
result in an increase of engine power and can effectively reduce

0 ; : : : oo v . .

n -
2 | 1
A

10k -1
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Fig. 11. Controllers’ responses to speed changes. (a) MRAC’s behavior.
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the required motor torque. In contrast, when the transmission
shifts to a low gear, as seen at time 200 s in Fig. 10(c), the
MRAC will step up and supply more voltage to the motor to
deliver higher torque in order to compensate for the power lost
by the engine for smooth shifting and balancing.

C. The Hybrid Dual Clutch Transmission

The power loss during gear shifting is attributed only to clutch
losses during its engagement. At this point, we will see power
lost on the engine side. The MRAC-controlled motor will com-
pensate for this power lost while changing gears or suddenly ac-
celerating. During the driveline process, the speed will increase,
so eventually more power is required by the HDCT design. The
MRAC-controlled motor will produce more voltage to assist the
engine in delivering the required torques to achieve the desired
speed. As shown in Fig. 11(a), the MRAC and the engine torques
assist each other at time 20 s to bring the vehicle speed up to
the proper value; the comfortable mode, MRAC-comfortable, is
producing the torque slower than the sporty mode, for the sake
of its smoother shifting. On the other hand, the MRAC-sporty
mode reaches the desired value faster and produces more volt-
age than required. Shifting gears with the DCT will result in
losing some engine power and can affect the motor torque. So
the motor will deliver extra power to compensate for the power
lost, as seen at times 24 s and 28 s in Fig. 11(a). To look closely
at the system when shifting gears, refer to the time from 28 s
to 29 s in Fig. 12(a), when the DCT is shifting from second
to third gear. The engine is losing some torque when the DCT
clutch pressure of the second gear is decreasing. However, when
the third gear is engaged, the engine is gaining extra power and
moving forward to drive the powertrain system. During this op-
eration of gear shifting, the sporty mode controller is producing
extra torque as a result of the fast response by the motor to
compensate for the power lost by the engine: in this situation,
the driver will feel the mode transition and more acceleration
will result in vehicle jerk. On the other hand, the comfortable
mode controller compensates with the correct amount that was
lost, using a longer time, for the sake of smooth shifting and
balancing.
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D. Comparison With the Conventional Method

We consider the scenario of a typical drive-line process (the
desired vehicle speed is changing) and compare the performance
of the MRAC controller with the results of conventional oper-
ation (abbreviated by Conv.). The MRAC motor has boosted
more torque to compensate for torque deficits by the engine
when the gear is changing to maintain balance, whereas that of
Conv. falls by 100 points at the end of the third gear at time
29 s, as shown in Fig. 11(b). For Conv., the profile of the vehicle
speed is similar, which implies that the clutch torque negatively
affects the vehicle acceleration and causes the engine torque to
decline. Moreover, the motor torque in the MRAC does not com-
pensate for this negative effect, as shown in Fig. 12(b). Thus,
the vehicle speed has to fall. However, the MRAC avoids this
situation by increasing the traction motor torque to compensate
for the negative effect. No substantial vehicle jerk occurs in the
MRAC control simulation, even with a sudden change of the en-
gine throttle. The MRAC scheme prevents the motor response
from a large overshoot: in the comfortable mode it slowly com-

(mph)
]

(N.m)

L i i

T T T
- = MRAC(Sporty) .
—— MRAC(Comfortable) __|

(N.m)

(mph)

(N.m)

4} 5 &
2k.... R ey A 4
K 5 10 s ; m 5 50
Time (s)
(b)
Fig. 13.  Engine throttle is varing with DCT. (a) MRAC’s Behavior. (b) MRAC

Versus Conv.

pensates for the lost torque, and does this more quickly in the
sporty mode. However, a sudden vehicle jerk of over 10 points
is found in the results from the conventional controller at time
45 s, as shown in Fig. 13. The reason for the sudden jerk is that
Conv. cannot react quickly enough to the changes: the Conv.-
controlled motor is clearly slower than the MRAC-controlled
system. Finally, the performance of the Conv. controller quickly
deteriorates, whereas the performance of the MRAC controller
remains good. Obviously, the MRAC controller can consid-
erably improve the behavior of the motor in terms of this
criterion.

It can be concluded that the HDCT design is more efficient
than the conventional design in all conditions. Although the
HDCT design improves the efficiency of the motor in compen-
sating for all power lost in the system, it deteriorates the overall
efficiency of the powertrain itself.
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VII. CONCLUSION

A model reference adaptive control (MRAC) has been de-
signed for the stability of a closed loop system in the sense of
Lyapunov. The MRAC takes the driving vehicle as the refer-
ence model, and the controller acts on the output errors between
the reference model and the vehicle as the feedback signals to
achieve smooth and efficient performance. The proposed MRAC
is applied to a hybrid electric vehicle with dual clutch transmis-
sion (HDCT), and has yielded good performance under different
conditions, which implies that the MRAC is adaptive to differ-
ent torque distribution strategies. The current study, which was
performed on the adaptive control applications, reveals that the
Lyapunov method is working properly. The simulation results
confirm that the MRAC outperforms the conventional operation
method for an HDCT by reducing the vehicle jerk and the torque
interruption for the driveline. Therefore, this paper shows that
MRAC is very promising. Further studies are underway to treat
vehicles with dual clutch transmission during mode transitions.
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