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Gear shifting based on MIMO model predictive
control for convenient adjustment of shifting
performance

Jinrak Park, and Seibum Choi, Member, IEEE,

Abstract—When shifting gears, it is necessary to properly
adjust the gear shift time and the Maximum Variation of
Output shaft Torque (MVOT) which are related to gear shift
performance. At this time, the gear shift time and MVOT are
related to the clutch slip speed and the output shaft torque,
which can be controlled by the engine torque and clutch torque.
Therefore, in order to adjust the gear shift performance, it is
necessary to perform Multi-Input-Multi-Output (MIMO) control.
In MIMO control, the system output is the clutch slip speed and
output shaft torque, and the system input is the engine torque and
clutch torque. In the past, several trajectories of the engine torque
and clutch torque have been generated heuristically to adjust the
gear shift performance. Therefore, a MIMO control method that
is capable of adjusting the gear shift performance conveniently
with a few tuning parameters during gear shifting is needed. In
this study, a gear shift controller for generating target driveline
torque (engine and clutch torque) based on MIMO model
predictive control that can adjust the gear shift performance with
only one tuning parameter is proposed. The gear shift controller
proposed in this study is verified experimentally on a test bench
equipped with a production dual-clutch transmission.

Index Terms—Gear shift control, Clutch control, Transmission
control, Model predictive control, Dual clutch transmission

I. INTRODUCTION

HEN shifting gears, the gear shift time and the Max-
imum Variation of the Output shaft Torque(MVOT)
should be properly adjusted. At this time, the gear shift
time is related to the clutch friction energy loss and vehicle
drivability. Generally, the longer the gear shift time , the
greater the frictional energy loss ( fg ! Tewsiipdt). And, since
the output shaft torque is controlled by the vehicle Electronic
Control Unit (ECU) during gear shifting and the driver cannot
directly control the output shaft torque, the driver can feel
uncomfortable if the gear shift time is long. In addition, the
larger MVOT (T.), the greater the maximum vehicle jerk
(az) [11, [2]. Here, T¢, wsiip, ty, T,, and a, are the clutch
torque, clutch slip speed, gear shift time, output shaft torque,
and vehicle acceleration. Hereinafter, the ratio between the
gear shift time and MVOT is referred to as the gear shift
performance.
Fig. 1 shows the driveline state information during gear
shifting of a dual clutch transmission (DCT). Figs. 1(a), (b),
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Fig. 1. Driveline state information during gear shifting of DCT: (a) driveline
speed, (b) driveline torque, (c) output shaft torque.

and (c) show the driveline speed, driveline torque, and output
shaft torque, respectively.

Generally, in gear shifting of a DCT, the clutch that was
engaged before gear shifting is called the off-going clutch,
and the clutch that is engaged during gear shifting is called
the on-coming clutch.

Referring to Fig. 1, the gear shift process of a DCT can be
roughly divided into two phases [3]-[6].

The first phase is the torque phase in which the on-coming
clutch brings the torque transmitted by the off-going clutch
while the on-coming clutch is slip-engaged. Thus, in the torque
phase, both the off-going clutch and on-coming clutch transmit
torque, the off-going clutch torque decreases, and the on-
coming clutch torque increases.

The second phase is the inertia phase in which the engine
speed decreases and the on-coming clutch speed increases,
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Fig. 2. Structure of gear shift control of DCT.

resulting in speed synchronization between the engine and the
on-coming clutch.

After the on-coming clutch is fully engaged after gear
shifting, the variation of the on-coming clutch slip speed is
zero. So, in order for the gear shift inertia phase and the
clutch-complete engagement phase to be continued smoothly,
the variation of the on-coming clutch slip speed should be zero
right before the clutch-complete engagement.

Referring to the slip speed dynamics equation of the on-
coming clutch which will be mentioned in Section II, if the
variation of the on-coming clutch slip speed is not close
to zero right before the clutch-complete engagement, the
clutch-complete engagement occurs in the condition that the
difference between the engine torque and the on-coming clutch
torque is large. At this time, since the on-coming clutch torque
follows the engine torque due to the mechanical connection
after the clutch-complete engagement, there is a large variation
of the on-coming clutch torque after the clutch-complete
engagement. In this process, the driveline torque vibration
occurs, which can be directly felt by the driver. So, the
control, to make the variation of the on-coming clutch slip
speed to zero right before the clutch-complete engagement to
reduce the driveline torque vibration after the clutch-complete
engagement, is called smooth landing control of the slip speed.

The gear shifting covered in this study refers to the inertia
phase in the gear shifting phase of a DCT. Hereinafter, unless
otherwise specified, the clutch slip speed and clutch torque
of the on-coming clutch are referred to as just the clutch slip
speed and clutch torque, respectively.

On the other hand, referring again to the driveline dynamics
equations which will be mentioned in Section II, the gear
shift time and MVOT during gear shifting can be adjusted
by controlling the clutch slip speed and output shaft torque.
And, the slip speed is again controlled by the engine torque
and clutch torque, and the output shaft torque is controlled by
the clutch torque [7]-[15].

Therefore, in order to adjust the gear shift performance,
it is necessary to perform Multi-Input-Multi-Output (MIMO)
control. In the MIMO control, the system output is the clutch
slip speed and output shaft torque, and the system input is the
engine torque and clutch torque.

On the other hand, during gear shifting, the gear shift time

and MVOT are in a trade-off relationship. This is because,
in order to reduce the slip speed to zero quickly, the clutch
torque should be increased, resulting in increased output shaft
torque and MVOT [16], [17].

In the past, several trajectories of the engine torque and
clutch torque have been generated heuristically to adjust the
gear shift performance during gear shifting [18]-[21]. How-
ever, the tuning load to generate the trajectories of the engine
torque and clutch torque for gear shifting in all situations is
very large. Therefore, a MIMO control method that is capable
of adjusting the gear shift performance conveniently with a
few tuning parameters during gear shifting is needed.

Fig. 2 shows the general structure of gear shift control of a
DCT. Referring to Fig. 2, the structure of the gear shift control
can be largely divided into three parts generally.

The first part is the tracking control part of the engine
torque and clutch torque when the target engine torque and
clutch torque are given. Hereinafter, the first part of the gear
shift control is referred to as the lower-level controller of gear
shifting.

The second part is the control part that generates the target
engine torque and clutch torque when the target clutch slip
speed and output shaft torque are given. Hereinafter, the
second part of the gear shift control is referred to as the upper-
level controller of gear shifting.

Finally, the third part is the control part that generates the
target clutch slip speed and output shaft torque that satisfies
specific gear shift performance according to purposes of gear
shifting. Hereinafter, the third part of the gear shift control is
referred to as the target trajectory generator of gear shifting.

Regarding the research on the lower-level controller, a
number of studies have been conducted on engine torque
tracking control [22]-[25] and clutch torque tracking control
[26]-[32].

Regarding the research of the upper-level controller, a
number of studies have been conducted on the tracking control
of the clutch slip speed [33]-[35], and few studies have been
conducted on the multivariable tracking control [1], [2] of the
clutch slip speed and output shaft torque.

Regarding the research of the target trajectory generator, a
study has been conducted on the target trajectory generator of
the clutch slip speed [17]. On the other hand, few studies have
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been conducted on the target trajectory generator of the clutch
slip speed and output shaft torque during gear shifting.

Regarding the research that combines the upper-level con-
troller and the target trajectory generator, in the study [16],
a method of generating the target engine torque and clutch
torque during gear shifting was proposed using the virtual
input consisting of the current slip speed and the ideal output
shaft torque. Hereinafter, the control part that combines the
upper-level controller and the target trajectory generator is
referred to as the integrated upper-level controller.

In the study [16], the gear shift performance could be
adjusted with one tuning parameter. However, it was not
clear what the virtual input meant, because the desired virtual
input was calculated differently from the original definition.
Therefore, it was not clear what the control targets were when
generating the target engine torque and clutch torque.

In this study, an integrated upper-level controller of gear
shifting is proposed based on MIMO Model Predictive Control
(MPC) that can adjust the gear shift performance with only
one tuning parameter. Also, this controller can implement the
smooth landing control of the clutch slip speed by considering
the constraint of the future slip speed. By performing the
smooth landing control, it is possible to fully engage the
clutch without large driveline torque vibration after the clutch-
complete engagement even in fast gear shifting.

The integrated upper-level controller proposed in this study
was verified by applying it to the first to second gear shift
situation on a test bench equipped with a driving motor and a
DCT of production parallel hybrid vehicles.

The main features of the integrated upper-level controller
proposed in this study are as follows.

1. The control targets are clear.

2. The gear shift performance can be adjusted using one
tuning parameter.

3. It is possible to generate a target trajectory of the engine
torque and clutch torque considering the constraint of the
system input and output.

4. It can implement the smooth landing control of the clutch
slip speed.

5. There is no need to estimate the road load torque in detail
when shifting gears.

This paper is organized as follows. Section 2 describes the
driveline model of the test bench used in this study. Section
3 introduces the integrated upper-level controller based on
MIMO MPC proposed in this study. Section 4 deals with the
experimental results of the integrated upper-level controller on
the test bench. Section 5 concludes this paper.

II. DRIVELINE MODEL

As mentioned in the introduction section, in order to prop-
erly adjust the gear shift performance, it is necessary to control
the slip speed and output shaft torque. In this section, the
driveline model of the test bench for the slip speed and output
shaft torque is addressed.

Fig. 3 shows the structure of the test bench used in this
study. The test bench was built such that the driveline of the
test bench was as similar as possible to that of production

vehicles. A driving motor and a DCT of production parallel
hybrid vehicles were used on the test bench, and the motor was
used to replace the engine of production vehicles. Hereinafter,
the motor for driving the test bench is referred to as an engine.

Fig. 4 shows the schematic diagram of the lumped inertia
driveline model of the test bench.

In this study, the driveline of the test bench is modeled
using lumped inertias, and this driveline model can be used as
a driveline model for production vehicles [7]-[15].

In the driveline of production vehicles, only the engine
speed, odd gear clutch speed, even gear clutch speed, and
wheel speed are generally measured, and only the speeds
mentioned were also measured in the test bench.

Hereinafter, the odd gear clutch is referred to as clutchl, and
the even gear clutch is referred to as clutch2 or just clutch.

This study focuses on the inertia phase in the first to second
gear shifting process. In this case, the clutchl is completely
disengaged, and torque is not transmitted from the clutchl.
And, the clutch?2 is slip-engaged.

Referring to Fig. 4, the following equations can be obtained
by establishing the torque balance equation at the measurement
positions of the engine speed, clutch2 speed, and wheel speed
and deriving the dynamic equation of the rotational speed [7]-
[15].

1 1 1

1
'e de e 7Te - 7Tc - 7Tc 1
W 7 e + 7 7 e = g Te (1)
' d + g lr o
We2 = — 7 Ueg2We =120 c2 — 7 4o
2 Toms q2We2 Toms 2t ol Toms
1 1 1
.w == *7dw w 7To - 7Tr 3
“ 7, fese T g e T ©

where w, d, J, T, and ¢ are the rotational speed, shaft damping
coefficient, lumped rotational inertia, torque, and gear ratio,
and the subscripts e, ¢2, f2, o, and r denote the engine, even
gear clutch, final gear connected to the even gear clutch, output
shaft, and road load, and J.42, and d.q2 are the equivalent
inertia at the clutch2 position including the inertias between
the clutch?2 and output shaft, and the equivalent damping
coefficient at the clutch2 position including the damping effect
between the clutch2 and output shaft, respectively.

In this study, the method of calculating the equivalent inertia
and equivalent damping coefficient is not covered in detail for
the sake of brevity. That method was covered in the studies
[71-[15].

In addition, by combining equations (2) and (3), the follow-
ing equation can be derived.

[dequr@dw]

g = — Tt
c2 [Jeqz_’_m(]v] c2 (4)
1 s s 1
SR E— O, S S—
[Jqu—',-,iczlif2 T be2tf2de2 [Jeqz-i-mll] r
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Fig. 3. Structure of the test bench.

Here, by combining equations (1) and (4), the slip speed
dynamics equation of the clutch can be derived.

Wslip2 = We — We2

_ _& [dﬂq2+z c2if2 dw]]w [d5q2+z 21f2 dw] (w W )
Je [Jeq2+%21f2 u] [Jqu"!‘1 2‘f2 Jv] ¢ €2
1 1
+J_6Te - [ [Jqu-‘r1 =73 Jv]ZCQZf2]T
+
L r——— T Tl
. ) . o) Fig. 4. Schematic diagram of a lumped inertia driveline model of an DCT
where the subscript slip2 means the clutch2 slip speed. vehicle.
In addition, referring to equation (2), assuming that the
influence of the inertia torque is small in the relationship be- TABLE I
tween the clutch torque and output shaft torque, the following PARAMETERS OF THE DRIVELINE MODEL
equation can be obtained. Parameter Value Parameter Value
Je, kg -m?2 0.135 de, kg-m?/s 0.02
To = —degawe + dega(We — wea) + ie2ifoTeo (6) Jeq2, kg -m? | 02524 | deg2, kg-m?/s | 04074
Jy, kg - m? 1424289 | duw, kg-m?/s 0.001
Here, referring to equations (1), (5), and (6), a governing lel, — 100/26 if1,— 100/25
equation of a control system in the form of the state space le2, — 80/40 if2, — 100/24
My, kg 1583 Taw, M 0.3

can be derived as follows. Also, the system input is the engine
torque and clutch torque and the system output is the clutch
slip speed and the output shaft torque.

X' =Ax +B.u+E,.
y =C.x'+D.u

— Te — We / Wslip2
"= |: Tc2 :| X |: Wslip2 :| = |: To
d 0

e Aq = 6A°T3, Bg = fo s e (s B.,
% E ;= [ "efTds-E

Ac - _E + [deq2+ c27'f2 w] [deq2+1621f2 dw] N Cd B jC‘O D - D c

J [Jeqz+lczlf2J ] Ueart i s ] da=0C¢, Dg=Dgq

JL _JL Table I shows the parameters of the driveline model used
B. = 1 1 1° .. . .
¢ 5 =z [ }zcngz] in this study.
0 1 0 0

Ce=| d d ;De = 0 i ) III. GEAR SHIFT CONTROL USING MODEL PREDICTIVE

eq2 eq2 1c21f2

0 CONTROL

Ee = | Jeaz + 555 21 p —— LT, } In this section, the integrated upper-level controller based

(7) on MIMO MPC proposed is described. In this study, the MPC

Vehicle
Inertia

Road load

Converting equation (7) to a digital system, the following
equation can be derived.
x'(k+1)
y'(k) =

= AdX,(k) + Bdu(k) + Eq
CdX/(k) + Ddu(k)
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Fig. 5. Real and ideal trajectories of the clutch slip speed and output shaft
torque during gear shifting.

method based on the Laguerre functions was used to reduce
the computational load of MPC, and the literature [36] was
referred for the MPC method. In the MPC method based on
the Laguerre functions, the optimal input is expressed as a
weighted sum of the Laguerre functions, and the computational
load can be reduced by reducing the number of the optimiza-
tion variables from the number of the future prediction step
to the number of Laguerre functions. On the other hand, if an
ECU can cover the computational load, the MPC method using
Laguerre functions may not necessarily be used for the gear
shift control, but a general MPC method can be used. The
method mentioned below can be applied to a general MPC
method through slight modifications.

A. Control target

Fig. 5 shows the real and ideal trajectories of the clutch slip
speed and output shaft torque during gear shifting.

Referring to Fig. 5, in order to reduce the gear shift time
during gear shifting which is related to the clutch friction
energy loss and vehicle drivability, it is desirable to reduce
the slip speed to zero as quickly as possible.

In addition, when gear shifting starts, using the initial value
of the engine torque, and the gear ratio information of shafts
connected to the on-coming clutch, the output shaft torque can
be predicted after gear shifting [1], [2]. Furthermore, in order
to reduce MVOT during gear shifting which is related to the
vehicle jerk, it is desirable to keep the output shaft torque
constant as the predicted output shaft torque.

Therefore, it can be seen that the ideal value of the slip
speed and output shaft torque is known when gear shifting
starts. Hereinafter, the ideal value of the slip speed and output
shaft torque during gear shifting is referred to as the ideal slip
speed and output shaft torque. And, This ideal slip speed and
output shaft torque are utilized as the control target in the later
section.

B. Augmented predictive model

When predicting the future system output in a MPC method,
a governing equation can be used as it is, but the variation of
the governing equation can also be used.

When predicting the future system output, the variation of
the governing equation can be used to reduce the output error
caused by the disturbance of the system.

The road load torque varies greatly depending on vehicle
air resistance, rolling resistance, and gradient resistance, but
does not change within a short time.

In general, it can be assumed that the road load torque does
not change during the gear shift time because the gear shift
time is quite short, within a few seconds.

Therefore, the E; term related to the road load torque in
the system governing equation of equation (8) can be regarded
as the disturbance of the system.

In this study, a method that predicts the clutch slip speed
and output shaft torque in the future using the variation of the
governing equation is utilized. At this time, when predicting
the clutch slip speed and output shaft torque in the future,
if the governing equation is used as it is without using the
variation of the governing equation, an additional estimator to
estimate the road load torque is required.

Referring to equation (8), by establishing a future prediction
model using the variation of the governing equation, it can be
derived as follows.

x(k+1) = Ax(k) + BiAu(k) + BoAu(k + 1)
Ye(k) = Cx(k)

Au = { N ] - [ A ]
| AT 7T | Y - y,target
Ye = y/ - y/target
Wslip.targe
Y target = Tloi:rq:tt }
_| Aa O —| o -|p
A= CaAqa 1}7]31_ [ CdBd}’Bz_[Dd]
C=[0 I]

(©))
where y’ targets Wslip2.targets and T qrget 15 the system
control target, target clutch slip speed, and target output shaft
torque.

On the other hand, in a general MPC method, if there is a
system input term in the output formula, as shown in equation
(8), the future output cannot be predicted and the controller
cannot be designed. This is because the future input is needed
to predict the future output.

So, in this study, we propose to use the following assump-
tion related to the system input.

Au(k — 1) ~ Au(k) (10)
In this case, equation (9) is modified as follows.
x(k+1) = Ax(k) + BAu(k)
ve(k) = Cx(k)
Au— AT, _ Ax’
N AT02 ’ B y/ - yltarget
7 / (11
Ye =Y — Y target
_ Agq 0 _ Bqg
A= CaqAq I:|7B_|:CdBd+Dd:|
c=[0 1]

If the assumption of equation (10) is used, there is an effect
that the clutch torque is calculated one step in advance when
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calculating the clutch torque for producing specific output
shaft torque.

However, as mentioned in the introduction section, the
goal of the integrated upper-level controller based on MIMO
MPC covered in this study is not to improve the absolute
tracking performance of the clutch slip speed and output
shaft torque for the ideal clutch slip speed and output shaft
torque during gear shifting. Rather, the goal is to make the
tracking performance relatively different according to some
tuning parameters.

Therefore, calculating the clutch torque one step ahead
does not significantly affect the relative tracking performance
according to the tuning parameters.

C. System input expression using Laguerre functions

In the MPC method based on the Laguerre functions, the
system input is expressed as a weighted sum of the Laguerre
functions that satisfy orthonormality in the time domain as
follows.

Aui(k +m) = L;(m)Tn;
Li(k)" = [ 13(k) 15(k)

ni = [ Cli Cli Cl}v ]
A’U,l = ATE, AUQ = ATCQ

where [, , and N means the Laguerre function, Laguerre
coefficient, and the number of the Laguerre functions, and the
subscript ¢ is a symbol that identifies each input.

Laguerre functions in the time domain are expressed as
follows.

L;(0)"
VBi[1 —a; of —af

(~)V a1 ]

B:( Z),(0<ai<1)
Li(k+1) = AjLi(k)
le% 0 0 O
Bi a; 0 0
Ai = —a;Bi B a0

B —aiBi B

13)

where « is a tuning parameter. « is the pole of the discrete-
time Laguerre network, and the value is between 0 and 1. And,
this parameter is related to the shape of the Laguerre functions
in the time domain.

If the tuning parameter N is large, the Laguerre functions
can catch the trajectory of the system input in detail. But,
N has a great influence on the computational load of MPC
since N is related to the number of optimization variables.
So, it should be appropriately selected according to the ECU
performance. Also, e should be chosen to achieve appropriate
control performance for a given N. Details related to the
tuning of N and « are covered in more detail in the result
section.

Fig. 6 shows an example shape of the Laguerre functions
in the time domain when N=3 and a=0.8.

Finally, the system input consisting of the engine torque
and clutch torque is expressed as follows using the Laguerre
functions.

Au(k +m) =L(m)Tn
T
=1l n ]

D. Prediction of the system state and output

Using equations (11), and (14), the future system state and
output can be predicted using the following equations.

m—1
x(k+mlk) = Amx(k)+ > AmI71BL(j)Tn
§=0

= A"x(k) + ¢(m)Tn

o (15)
p(m)" = > A™ITIBL(j)"

j=0
ye(k +m|k) = Cx(k + mlk)

E. Optimization problem

In this study, the cost function in the MPC method consists
of the control error(system output) of the clutch slip speed and
output shaft torque, and the variation of the system input as
follows.

g= 52 [ YelktmTQy(k + mlk)
et} +Au(k +m—1)TRAu(k +m —1)
Ne T x(k 4+ m|k)TQx(k + m|k)
et} +Au(k +m —1)TRAu(k +m — 1)
q

= 1 0 _ ~TA _ 1 0
EEIRR
(16)
where N, is the length of the prediction horizon, and Q, and
R are tuning parameters.

This study aims at the smooth landing control of the slip
speed as well as the adjustment of the gear shift performance
during gear shifting. Therefore, the length of the predicted
horizon N, should be selected as a time sufficient to imple-
ment the smooth landing control in the operating range of the
slip speed according to the constraint of the system input. The
method to calculate suitable IV, is covered in the later section.

In the tuning parameter Q, ¢; and ¢ are the parameters
to adjust the ratio of the control error of the clutch slip speed
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and output shaft torque in the cost function. And, in the tuning
parameter R, r; and ry are the parameters to adjust the ratio
of the variation of each system input in the cost function.
In this study, we propose a method to adjust the gear shift
performance by fixing R as a unitary matrix and adjusting Q
appropriately.

Details related to the tuning of IV, and Q are covered in
more detail in the result section.

Here, using the orthnormality characteristics of the Laguerre
functions, and (14), the above equations can summarized as
follows.

13

m=1

(k+m|k)TQx(k +m|k)] +7" Ry (17)
Substituting the equation (15) to the above equation and
arranging it, the following equation can be obtained.

J =nTQn + 2nT Ux(k)
N,
+ 30 x(B)T(AT)"QA™x(k)

m=1
N,

(Z p(m)Qep(m )T+R>

=

(18)

- (mzjl@(m)QAm)

For a unconstrained problem, the optimal solution 7 to
minimize the equation (18) can be summarized as follows after
differentiating the equation (18) for 7.

n=—-Q ' Wx(k) (19)

Here, for a unconstrained problem, the optimal feedback
control gain is summarized as follows using equations (14)
and (19).

Au(k) = —Kmpex(k)
Kmpe = L(0)Q271T

Substituting the equation (19) to the equation (18), the
optimal cost can be summarized as follows.
Jmin = XT(k)Pmpcx(k)
Np

( > (A7) QA" -

m=1

(20)

2n

Prpe = \pTQ—ln;[;>
the equations (20), and (21) are utilized to tune the tuning
parameter N, «, and Q in the later result section.

On the other hand, for a constrained problem, since the
last term in the equation (18) is not related to the future
information of the system, the cost function to be finally
minimized is defined as follows.

J=nTHn+ 20Tt
H=0Q
f = Wx(k)

In this study, the following values are used as the target
clutch slip speed and output shaft torque. These values are
the ideal target value of the clutch slip speed and output shaft
torque mentioned in the introduction section.

(22)

Wslip2.target — 0
To.target = ZCQZfQTe.init

(23)

where T, ;i is the initial engine torque at the beginning of
the gear shift inertia phase.

In equation (22), the output shaft torque included in state x
in the f term corresponding to measurement feedback is not
measured. Therefore, in this study, the output shaft torque was
calculated as follows by using the model equation of equation
(6).

To(k) = _deq2we + deq2( - WCZ) + ZCQZfZTCQ( ) 24

In this way, when the output shaft torque is calculated
using the model equation, some control error corresponding to
the model error may occur when controlling the output shaft
torque.

F. Constraint of the system input and output

In this study, the following constraint on the system input
and output are considered.

Aumin S Au( )S Aqgmax
umit < u(k) < e (25)
y"r <y(k) <y™

Constraint for the future system input and output can be
expressed as follows.

AUMM < AU(k) < AU™ax
Umin S U(/ﬂ) S Ymax
Ymin S Y(k’) S Yy max

AUmin — [ Aumin Aumin (]\/'C _ 1) ]T

AU™ = [ Aug™ Aum(N, —1) |7 (26)
Umin — [ umin umin(N _ 1) }

Umax — [ umax umax( ) ]T

Yo = [ypn ey, 1) ]

Yglax — [ ytenax .. ygnx( ) T

where [V, is the length of the control horizon.

The length of the control horizon N, corresponds to the
length of the future system input to which the constraint is
to be applied, and it is set to be less than the length of the
prediction horizon. On the other hand, if the length of the
control horizon is short, the system output is predicted without
taking into account the constraint of the future system input.
Therefore, the future prediction may not be effective, and the
system control performance may decrease since it is difficult
to respond in advance if pre-reaction is required to achieve
control objectives. Whereas, if the length of the control horizon
is long, the system control performance may improve, but the
computational load increases. In this study, the same length of
the prediction horizon and control horizon is used to ensure
maximum system control performance.

Referring to the equation (14), the variation of the system
input can be expressed as follows.

AU(k) = Mun(k)

M, =[ L(0)" L(1)" 0 L(N,- @7

nr 1t
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Also, the future system input can be expressed as follows.

U(k) = Man(k) + Mau(k — 1)

M, =
N, T
L) L) +L(1)T L(m —1)T
m=1
Mg=[1 --- 1]"
(28)

Furthermore, referring to the equations (15), and (26), the
future system output can be expressed as follows.

Y. = Myn(k) + Msx(k)
M,

= | (con)?)
M; = [ (CA)T (CA?)

T

(co)™)" |
(cA™)T }T

T
(Co(2)T)
T
(29
Finally, referring to the equations (26), (27), (28), and (29),
the constraint matrix can be summarized as follows.

Mn < v
1\/[1 AUmax
_1\/[1 _AUmin
M, | UM Mau(k - 1)
M=1 _m, "7 | —umn — Mau(k - 1)
M, ymex 4 Myx(k)
—M4 _Ymin _ M5X(k)

(30)

G. Linear quadratic problem

Finally, to calculate the MPC control input, a Linear
Quadratic (LQ) Program using equations (22) and (30) should
be solved. In this study, the quadprog tool provided in MAT-
LAB was used to solve the LQ problem. In this paper, the
method of solving the LQ problem is not covered in detail.

IV. EXPERIMENTAL RESULTS

The main objectives of the integrated upper-level controller
were to properly adjust the gear shift performance according to
the tuning parameter Q, and to implement the smooth landing
of the slip speed. In this section, the integrated upper-level
controller based on MIMO MPC proposed in this study is
verified through the experiments of the first to second gear
shifting. Also, it is verified whether two main objectives are
properly achieved.

A. Experimental environment

As mentioned in Section II, a test bench was used to verify
the integrated upper-level controller. Fig. 3 shows the structure
of the test bench used in this study.

The test bench was built so that the driveline of the test
bench was as similar as possible to that of production vehicles.
A driving motor and a DCT of production parallel hybrid
vehicles were used on the test bench, and the motor was used
to replace of an engine of production vehicles.

In addition, the first gear was connected to the clutchl, and
the second gear was connected to the clutch2.

Furthermore, MicroAutobox2 from the dSpace company
was used as a ECU. The control loop time(sampling time) was
set to 15 milliseconds in consideration of the computational
load of MPC, and the MPC operated smoothly in the control
loop.

Referring to Fig. 3, regarding the measurement on the test
bench, the engine speed, clutchl speed, clutch2 speed, and
wheel speed were measured, and the DCT input shaft torque,
first gear final shaft torque, and second gear final shaft torque
were measured. In the figures below, the measured engine
torque, clutchl torque, clutch2 torque, output shaft torque,
and road load torque were calculated using the mentioned
measured torque and taking into account shaft inertias. The
method of calculating the measured torque is omitted for the
sake of brevity.

B. Parameter selection

In this study, the control loop time was basically 15 mil-
liseconds in consideration of the computational load of MPC.
And, the following constraint of the variation of the system
input were used. The unit of the variation of the system input
is Nm/s.
1" )

Atpin=[ -1 =1 ], Aupax=[1 1

In addition, regarding to the constraint of the system input,
only the minimum constraint was applied to the engine torque
and clutch torque to reduce the computational load of MPC
as follows. the following equations can be derived by appro-
priately modifying the equations (26), and (30). The unit of
the system input is Nm.

TcQ.min = (Tc2.init - 2)7 Te.min =0

where 1,5 ;i i the initial clutch torque at the beginning of
the gear shift inertia phase.

Furthermore, regarding to the constraint of the system
output, the minimum constraint was applied to only the clutch
slip speed for the smooth landing control of the slip speed as
follows. This constraint makes the variation of the slip speed
to zero when the slip speed reaches zero. The unit of the slip
speed is RPM/s.

(32)

min . 0

wslipZ.e -

(33)

where wgiip2.¢ s the control error of the clutch slip speed.

And, there were several tuning parameters mentioned be-
fore. It was the length of the prediction horizon N,, the
number of the Laguerre functions [V, the shape parameter of
the Laguerre functions «, and the penalty factor of the control
error Q.

Fig. 7 shows the variation of the ideal engine torque and
clutch torque from the initial torque, and the variation of
the slip speed from the initial speed accordingly when the
gear shift inertia phase starts with the initial variation of the
slip speed of 0, and the future prediction is possible for 0.3
seconds.

In the figure, O represents the initial torque and speed, and
the initial torque and speed are different for each gear shifting
situation. In addition, each value represents the variation from
the initial value. Here, the equation (5) was utilized to calculate
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Fig. 7. Variation of the ideal engine torque and clutch torque from the initial
torque and the variation of the slip speed from the initial speed accordingly.

the variation of the slip speed, and the road load torque 7.
was assumed to be 100Nm.

Referring to Fig. 7, if the future prediction is possible up
to for 0.3 seconds in the conditions that 7). is 100Nm and the
constraint of the engine torque and clutch torque is considered
as equations (31) and (32), it can be seen that the smooth
landing control is possible up to the initial slip speed is about
800 RPM. This slip speed roughly corresponds to the slip
speed when the engine speed is about 1500RPM and the first
to second gear shifting occurs.

For example, for a given system input constraint and max-
imum value of 7)., the slip speed trajectory can be drawn
using the slip speed dynamics equation depending on several
candidates of the length of the future prediction horizon. Then,
if the absolute value of the minimum slip speed is greater
than the desired maximum initial slip speed, it means that
the smooth landing control is possible under the relevant
condition. Using this analysis method, the minimum length
of the future prediction horizon can be calculated.

In this study, the proposed integrated upper-level controller
is verified in the first to second gear shifting under the
conditions of the initial slip speed of approximately 400RPM
and 7, of approximately 100Nm.

Referring to Fig. 7, considering the performance of the ECU
used in this study, it was determined that 0.3 seconds of the
future prediction was sufficient for the mentioned experimental
conditions. So, considering that the control loop time was 15
milliseconds, NN, was chosen as 20 steps. The length of the
control horizon N, was chosen the same as NV, in this study.
In a real application, V;, may be longer.

Fig. 8 shows the average optimal cost according to several
different initial system state when Q N, and « are different.
In this study, the same N was used for all system input for
convenience. And, the values between Ql =[0.5, 0;0, 0.005]
and Qs =[0.01, 0;0, 0.005] were used as Q, and the optimal
cost was calculated using the boundary values of Q. The initial
system state was set by dividing each state 5 intervals in the
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Fig. 8. Average optimal cost according to several different initial system state
when Q, N, and « are different.

range of -1000< w, <ORPM/s, -1000< wgip2 <ORPM/s, 0<
wsiip2 <3000RPM/s, and 0< T, <500Nm. And, the optimal
cost was calculated using the equation (21).

At this time, the system input, generated as a result of
optimization, converges to a specific input trajectory if the
input is expressed in detail according to N and «. Then,
the optimal cost does not decrease further according to N
and « but converges to a specific value. At this time, if the
optimal cost for a specific NV and « is not significantly different
from the convergent optimal cost, it means that the Laguerre
functions of the specific NV and « are sufficient to express
the system input. Here, since N has a great influence on the
computational load of MPC, a small N can be selected so that
the difference between the optimal cost and the convergent
optimal cost is not large. Similarly, for «, a value between 0
and 1 is selected so that the difference between the optimal
cost and the convergent optimal cost is not large.

Referring to Fig. 8, it can be seen that the difference is not
large between the optimal cost when NV is 3 and « is 0.8, and
the convergent optimal cost when the NNV is larger. Thus, in this
study, 3, and 0.8 were used as N, and «, respectively, and the
shape of the Laguerre functions are shown in Fig. 6.

Fig. 9 shows the closed loop bode plot of the control error
of the slip speed and output shaft torque depending on the
different tuning parameter Q. In the figure, the x-axis means
the input frequency of the target control error, and the y-axis
means the ratio between the target control error and the actual
control error.

The following equations were derived using the equations
(11) and (20), and it was used to represent the closed loop
bode plot.

Au(k) = Kmpe[Xtarget (k) — x(k)]
X(k + 1) = (A - BKmpC)X(k) + BKmpcxta'r'get(k)
ye(k) = CX(k)
(34)
In the above equations, X4,.qe¢ means the control target of
the system state, and the control target of the system output
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Fig. 9. Closed loop bode plot of the control error of the slip speed and output
shaft torque depending on the different tuning parameter Q.

was included in the system state. Here, the control target of
the actual system state is all zero.

Referring to Fig. 9, the closed loop bandwidth of the
control error of the slip speed and the output shaft torque
was approximately [3.07Hz; 3.58Hz], [1.66Hz; 4.67Hz], and
[1.22Hz; 4.86Hz], respectively when Q was set to Q1 =[0.5,
0;0, 0.005, Q2 =[0.05, 0;0, 0.005], and Q3 =[0.01, 0:0,
0.005], respectively. At this time, the penalty factor of the
variation of the system input R was fixed as a unitary matrix.
For the mentioned Q, the closed loop poles of the control
error were located inside the unit circle.

The actuator bandwidth of the engine torque and clutch
torque of the test bench used in this study was approximately
5Hz, and in consideration of this, Q was set such that the
closed loop bandwidth of the control error was less than SHz.

Looking at the principle of the integrated upper-level con-
troller proposed in this study with reference to equation (34),
if the closed loop bandwidth of the control error of the output
shaft torque is relatively larger than the closed loop bandwidth
of the control error of the slip speed, the control error of the
output shaft torque is converged to zero relatively earlier than
the control error of the slip speed, resulting in the smaller
MVOT.

Conversely, if the closed loop bandwidth of the control
error of the slip speed is relatively larger than the closed loop
bandwidth of the control error of the output shaft torque, the
control error of the slip speed is converged to zero relatively
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Fig. 10. Example of the driveline speed in the verification experiment of the
integrated upper-level controller: (a) driveline speed for the entire experiment
period, (b) driveline speed for the third launching and gear shifting.

earlier than the control error of the output shaft torque,
resulting in the smaller gear shift time.

C. Experimental scenario

Fig. 10 shows an example of the driveline speed in the
verification experiment of the integrated upper-level controller.
Figs. 10(a), and (b) show the driveline speed for the entire ex-
periment period and the driveline speed for the third launching
and gear shifting, respectively.

In order to avoid duplication of information in the figure,
the wheel speed is not shown, and the wheel speed can be
calculated as the product of the clutch2 speed and the gear
ratio(écot £2).

Referring to Fig.10, vehicle launching and gear shifting
were performed three times for each controller under different
conditions, and the control results for the third gear shifting
were compared with each other in the next subsections.

The phase value shown in the figures below is the value
representing the detailed launch and gear shift phase, and
phase values from 1 to 6 mean the idle phase, clutchl
slip engagement phase when the vehicle launches, vehicle
acceleration and deceleration phase after clutchl engagement,
torque phase in gear shifting, inertia phase in gear shifting,
and vehicle acceleration and deceleration phase after clutch2
engagement, respectively.

Fig. 11 shows an example of the target and measured
driveline torque in the verification experiment of the integrated
upper-level controller. Figs. 11(a), (b), (c), (d), (e), and (f)
show the target and measured engine torque for the entire
experiment period, the target and measured engine torque
for the third launching and gear shifting, the target and
measured clutch torque for the entire experiment period, the
target and measured clutch torque for the third launching and
gear shifting, the measured road load torque for the entire
experiment period, and the measured road load torque for the
third launching and gear shifting, respectively.
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Fig. 11. Example of the target and measured driveline torque in the

verification experiment of the integrated upper-level controller: (a) target
and measured engine torque for the entire experiment period, (b) target and
measured engine torque for the third launching and gear shifting, (c) target
and measured clutch torque for the entire experiment period, (d) target and
measured clutch torque for the third launching and gear shifting, (e) measured
road load torque for the entire experiment period, (f) measured road load
torque for the third launching and gear shifting.

In this study, the engine torque was feed-forward controlled
using the relationship map between the driving motor current
and engine torque, and the motor current was feedback-
controlled using a current sensor.

In addition, the clutch torque was controlled in the adaptive
feed-forward manner using the relationship map between the
clutch actuator position and clutch torque [31], and the actu-
ator position was feedback-controlled using a position sensor.

Since this study focuses on the integrated upper-level con-
troller in gear shifting, the lower-level controller is not covered
in detail. Meanwhile, depending on a system, before operating
the integrated upper-level controller, the lower-level controller
should be configured to operate properly.

Referring to Figs. 11(a), (b), (c), and (d), the engine torque
and clutch torque were controlled to about 3Nm RMS error
level that did not have a big problem to verify the integrated
upper-level controller.

Referring to Figs. 11(e) and (f), the road load torque did
not change significantly during gear shifting.

Furthermore, in this study, in the torque phase of gear
shifting, the clutchl torque increased linearly by the engine
torque value at the beginning of the gear shifting, and the
clutch2 torque decreased linearly according to the relationship
of equation (1).

D. Landing control result of the clutch slip speed

Fig. 12 shows the driveline speed and target driveline torque
before and after the landing control. Fig. 12(1st column), (2nd
column), (Ist row), and (2nd row) show the results before
the landing control, the results after the landing control, the
driveline speed, and the target driveline torque, respectively.

Fig. 13 shows the measured driveline torque, output shaft
torque, and variation of the output shaft torque before and
after the landing control. Fig. 13(1st column), (2nd column),
(1st row), (2nd row), and (3rd row) shows the results before
the landing control, the results after the landing control, the
measured driveline torque, the target and measured output
shaft torque, and the measured variation of the output shaft
torque, respectively.

Hereinafter, for convenience, the landing control results
before and after the slip speed constraint such as the equation
(33) is considered in the equation (30) is referred to as the
results before and after the landing control.

In this subsection, the experimental results before and after
the landing control are comparatively analyzed for the same
tuning parameter Q. In the next subsection, the experimental
results of the gear shift control when the landing control is
identically applied and only the tuning parameter Q is different
is analyzed.

The experimental scenario before and after the landing
control was the same as previously mentioned. Also, the tuning
parameter Q was Q; and all the same parameters were used
except that the slip speed constraint was considered in the
experiments before and after the landing control.

When the clutch is fully engaged after gear shifting, the
variation of the clutch slip speed is zero. Here, in order for the
gear shift inertia phase and the complete clutch engagement
phase to be continued smoothly, the variation of the slip speed
should be zero at the end of the gear shift inertia phase.

As mentioned in the introduction section, referring to the
equation (5), if the variation of the clutch slip speed is not
close to zero right before the clutch-complete engagement, the
clutch-complete engagement occurs in the condition that the
difference between the engine torque and the clutch torque is
large. At this time, since the clutch torque follows the engine
torque due to the mechanical connection after the clutch-
complete engagement, there is a large variation of the clutch
torque after the clutch-complete engagement. In this process,
the driveline torque vibration occurs, which can be directly
felt by the driver.

Therefore, at the end of the gear shift inertia phase, the
target engine torque and the clutch torque should become
approximately the same in order to make the variation of the
clutch slip speed to zero.
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TABLE II
GEAR SHIFT TIME, FRICTION ENERGY LOSS, MVOT, AND VEHICLE JERK
BEFORE AND AFTER THE LANDING CONTROL

Gear shift Maximum
. Jear shult Friction MVOT vehicle
Landing time(inertia max | T erk
control phase) ¢ energy ax|to Jer
(5] f loss [J] [Nm/s] max |Gz |
[m/s%]
Before 0.39 266.8 780.2 6.29
After 0.47 234.8 417.9 7.62

In this study, the slip speed constraint such as the equation
(33) was considered in the equation (30) to make the variation
of the clutch slip speed to zero at the end of the gear shift
inertia phase.

Referring to Fig. 12(1st column), and Fig. 13(1st column),
before the landing control, the clutch was fully engaged when
the negative variation of the slip speed and the difference
between the target engine torque and clutch torque were
relatively large. As a result, the clutch torque and output
shaft torque were dropped sharply after the complete clutch
engagement and recovered. And, the negative variation of the
output shaft torque was relatively large and the vibration of
the clutch torque and output shaft torque was also relatively
large after the clutch complete engagement.

On the other hand, before the landing control, the vibration
after the clutch complete engagement is related to the closed
loop bandwidth of the control error of the slip speed. Here,
if the closed loop bandwidth is very small, the gear shift
time may be increased but the engagement vibration after the
complete engagement may be reduced. However, it is difficult
to reduce the gear shift time and engagement vibration at the
same time unless the landing control is performed.

On the other hand, since the MPC method can consider the
hard constraint of the slip speed, it has the advantage that the
landing control is possible which makes the variation of the
slip speed to zero right before the clutch complete engagement
even in fast gear shifting.

Referring to Fig. 12(2nd column), Fig. 13(2nd column),
After the landing control, the clutch was fully engaged after
the variation of the slip speed was reduced to close to zero,
and when the difference between the target engine torque and
clutch torque was relatively small. As a result, the clutch
torque was smoothly landed to the engine torque after the
complete engagement, so the variation of the output shaft
torque was relatively small. Also, the output shaft torque was
not dropped significantly compared to the target value and
the vibration of the clutch torque and output shaft torque was
relatively small after the complete engagement.

Table II shows the gear shift time, clutch friction energy
loss, MVOT, and vehicle jerk before and after the landing
control.

The clutch friction energy loss and vehicle jerk were calcu-
lated using the below equations.

ty
/ Tc2wslip2 dt
0

mvazrw = Jva)w

(35)

(36)

where m,, and r,, are the vehicle mass, and vehicle wheel
radius. This parameters used were shown in Table I.

As mentioned in the introduction, this study mainly focuses
on the inertia phase of the gear shifting, so the gear shift time
in Table II and the next table means the duration of the inertia
phase in the gear shifting.

Referring to Table II and Fig. 13(3rd column), it can be
seen that when the landing control was performed, the gear
shift time increased but MVOT decreased, relative to when the
landing control was not performed. Also, the clutch friction
energy loss increased but maximum vehicle jerk decreased.

Furthermore, it can be seen that the vibration of the engine
torque, clutch torque, and output shaft torque was greatly
reduced after the gear shifting was finished, and the variation
of the output shaft torque was reduced as well.

E. Experimental results of the MPC control depending on the
different tuning parameter Q

Fig. 14 shows the driveline speed and target driveline
torque depending on the different tuning parameter Q. Fig.
10 (1st column), (2nd column), (3rd column), (1st row), and
(2nd row) shows the results of the tuning parameter Q, the
results of the tuning parameter Qz, the results of the tuning
parameter Qg, the driveline speed, and the target driveline
torque, respectively.

Fig. 15 shows the measured driveline torque, output shaft
torque, and variation of the output shaft torque depending on
the different tuning parameter Q. Fig. 15(1st column), (2nd
column), (3rd column), (1st row), (2nd row), and (3rd row)
shows the results of the tuning parameter Q;, the results of
the tuning parameter Q, (3rd column) results of the tuning
parameter Qg, the measured driveline torque, the target and
measured output shaft torque, and the variation of the output
shaft torque, respectively.

Fig. 14, and 15 show the results after considering the
constraint of the slip speed like the equation (33) in the
equation (30) for the smooth landing control of the slip speed,
and these results show the difference depending on only the
tuning parameter Q without landing issue. And, the landing
control results before and after considering the constraint of
the slip speed in the condition of the same tuning parameter
Q were covered in the previous subsection.

Referring to Fig. 14(1st row), and Fig. 15(2nd row), it can
be seen that the clutch slip speed and output shaft torque
converged well to the ideal clutch slip speed and output shaft
torque, which are the control targets of the integrated upper-
level controller.

Also, referring to Fig. 14 and Fig. 15, it can be seen that,
when ¢ = 0.005 of the tuning parameter Q, the smaller the ¢;
value was, the longer the gear shift time was and the smaller
MVOT was. In addition, the target engine torque and clutch
torque were generated such that the gear shift time and MVOT
were adjusted depending on the tuning parameter Q.

Table III shows the gear shift time, clutch friction energy
loss, MVOT and vehicle jerk during gear shifting according
to the different tuning parameter Q.

Referring to Table III, it can be seen that the gear shift
time and MVOT were adjusted well depending on the tuning
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TABLE III
GEAR SHIFT TIME, FRICTION ENERGY LOSS, MVOT, AND VEHICLE JERK
ACCORDING TO THE DIFFERENT TUNING PARAMETER Q

Tuning Gear shift Friction MVOT M\?:l:ilzlim
time(inertia T .
parameter phase) ¢ energy max |To Jerk.
Q (5] f loss [J] [Nm/s] max |Gz |
[m/s?]
Q1 0.47 266.8 417.7 6.29
Q2 0.61 274.3 239.3 3.38
Qs 0.7 276.1 116.7 2.47

parameter Q, and thus the clutch friction energy loss and
maximum vehicle jerk were also adjusted well.

Here, when ¢ is constant, what ¢; is small means that the
error of the output shaft torque occupies a greater proportion
in the cost function of equation (22) than the error of the clutch
slip speed.

This also means that in the MIMO control, the target engine
torque and clutch torque are generated such that the error of
the output shaft torque can be reduced more rapidly than the
error of the clutch slip speed.

Referring to equation (31), (32), and Fig. 14(2nd row), it can
be seen that the target engine torque and clutch torque were
generated appropriately by taking into account the constraint
on the system input and the variation of the system input in
the integrated upper-level controller.

In general, in order to reduce the gear shift time, it is
necessary to reduce the engine torque as much as possible
and increase the clutch torque as much as possible. On the
other hand, the engine torque cannot be less than zero, and
the variation of the engine torque is limited by the engine
dynamics. In addition, since a large variation of the output
shaft torque during gear shifting causes discomfort to the
driver, the variation of the clutch torque during gear shifting
is also limited.

In Fig. 14(b), it can be seen that the target engine torque
and clutch torque were generated as close as possible to the
constraint of the system input and the variation of the system
input to reduce the gear shift time as much as possible.

On the other hand, it is desirable to shorten the gear shift
time as much as possible after the ideal output shaft torque is
achieved.

In Fig. 14(f), it can be seen that the target engine torque was
appropriately reduced in order to reduce the gear shifting time
as much as possible while the clutch torque corresponding to
the ideal output shaft torque was kept constant.

In the results of this experiment, the clutch and wheel
speeds did not change significantly since the road load torque
was low and the vehicle inertia was large. However, if the
clutch and wheel speeds change significantly, the slip speed
will eventually converge to zero due to the convergence
stability. However, some lagging of the convergence may occur
depending on the constraint of the variation of the engine
torque and clutch torque.

Furthermore, if needed, the target engine torque and clutch
torque trajectories can also be adjusted by adjusting the con-
straint of the system input. In this study, the tuning parameters

Q and R are determined by the closed loop bandwidth of the
control target. However, the constraint of the system input can
be determined by the actuator performance of the system input,
but can be also freely modified according to the desired shape
of the target system input.

In conclusion, in this study, the authors proposed an inte-
grated upper-level controller based on MIMO MPC that can
adjust the gear shift performance during gear shifting with
only one tuning parameter, and it was experimentally verified.
In addition, the problem that large driveline torque vibration
occurred after the gear shifting was finished was solved by
additionally performing the landing control.

V. CONCLUSION

In this study, an integrated upper-level controller of gear
shifting based on MIMO MPC that can adjust the gear
shift performance with only one tuning parameter. The major
characteristics of the integrated upper-level controller proposed
in this study was that the gear shift control was intuitive
since the control variables were the clutch slip speed and
output shaft torque which are directly related to the gear
shift performance. Also, the target engine torque and the
clutch torque trajectories could be generated in real time by
considering the constraints of the control input and output
variables. Especially, the smooth landing control was possible
to reduce the vibration of the driveline torque after the clutch-
complete engagement in consideration of the constraint that
makes the variation of the slip speed to O right before the
clutch-complete engagement. Furthermore, the road resistance
torque was not used in the gear shift control by utilizing the
variation of the governing equation. As a future work, a study
to enhance the control robustness of the integrated upper-level
controller will be conducted.
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