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ABSTRACT Considering single-motor drive system cannot meet the requirements of high-performance
electric buses for Beijing Winter Olympics, a dual-motor coaxial propulsion system based on single planet
gear set is developed. At the same time, a shift control method based on hierarchical linear quadratic
regulator (HLQR) algorithm is designed to improve the poor shift quality caused by the rapid change of
output shaft speed in the shift process. In this method, the upper controller adopts robust tracking linear
quadratic regulator algorithm to control the speed change rate of the output shaft in the process of gear
shifting, so as to reduce the load of gear shifting actuator in the process of gear shifting; the lower controller
adopts disturbance suppression linear quadratic regulator algorithm to control the shifting force and improve
the adaptability of the system to disturbance conditions Through simulation analysis, the performances of
hierarchical linear quadratic regulator algorithm, optimal control algorithm based on variational method and
PI algorithm in the process of gear shifting were comparatively analyzed. Simulation results showed that
the hierarchical linear quadratic regulator algorithm exhibited a better performance in gear control than the
other two algorithms. In addition, a large number of bench test results also proved that compared with PI
algorithm, hierarchical linear quadratic regulator algorithm reduced vehicle impact by 19.17% and reduced
the shift force by 32.48% in the sacrifice of shift time by 5.03%.

INDEX TERMS Beijing Winter Olympics, dual-motor coaxial propulsion system, hierarchical linear

quadratic regulator algorithm, process of gear shifting, single planet gear set.

I. INTRODUCTION

Electric vehicles (EVs) are widely considered an effective
approach to solve the problem of environmental degradation
and energy shortage [1]. Related policy has been issued to
encourage the development of electric vehicle industry in
many country [2]. Currently, the popularization of electric
vehicles is mainly limited by the endurance mileage and
battery safety. With the increase in market demand, it is urgent
to promote the system efficiency and power density of EVs.
Considering the architectures of EVs in application, the cen-
tralized driving form of power unit is widely used at first since
it inherits plenty of features from traditional vehicles [3].
In order to meet the requirements of climbing ability and

The associate editor coordinating the review of this manuscript and

approving it for publication was Yangmin Li

cover the all-speed range of power system, the integration of
motor and conventional transmission is conducted, which has
excellent potential and superiorities [4], [5].

Recently, dual-motor transmission system has become
more popular trend than single motor integrated system
because of better energy-saving and dynamic performance
[6], [7]. The dual-motor integrated system can achieve
uninterrupted gear-shifting process and reduce energy con-
sumption by accurate power allocation strategy [8]. Xu et al.
proposed a novel electric dual-motor transmission system
consisting of 5 single motor modes and 4 dual motor modes
for heavy commercial vehicles [9]. Wu et al. proposed two
novel dual-motor input powertrains based on dual-motor with
planetary gear transmission (DMPGT) and parallel axel trans-
mission (DMPAT), respectively, and found that the EVs with
proposed dual-motor input powertrains had higher overall
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efficiency than the EVs equipped with single motor input
powertrain [1]. Hu et al. designed a dual-motor four-speed
transmission integration system concurrently driven by two
motor for fully electric vehicles and hybrid electric vehicles,
which has better performance in terms of energy consump-
tion and vehicle acceleration compared with single-speed
system [10]. In Ref. [11], [12], a dual-motor powertrain
coupled with a planetary gear or a shaft-fixed gear unit is
presented. Its mode switching relies on the exact action of two
clutches and a synchronizer sleeve. The above studies have
clarified that dual-motor-transmission systems are beneficial
for achieving uninterrupted gear-shifting process and have
great potential in improving energy efficiency. However, the
above researches mainly focus on configuration design and
gearshift rule extraction, without consideration on specific
gearshift control strategy.

In the research of gearshift control strategy, the optimiza-
tion of power interruption time, vehicle jerk, and other indi-
cators to improve gearshift quality is the key. Hong et al.
applied the time-optimal hybrid minimum principle in the
controller [13]. In Ref. [14]-[16], an optimal gearshift con-
trol strategy designed which includes a PID controller or
robust two degree-of-freedom (dof) controller based on the
dynamics model and gearshift objectives. Then Mishra et al.
presented a model-based automated calibration algorithm
and applied it as core Iterative Learning Control (ILC) for
gearshift process [17]. Zhao et al. proposed a gearshift con-
trol architecture combined with multi-objective trajectory
planning by taking gearshift duration jerk and friction work
as optimization objectives [18]. Nguyen et al. developed a
coordinated control strategy to handle the requirements of
optimal shift schedules and corresponding mode selection
maps [19]. The simulation results showed the coordinated
control strategy eliminated all torque gaps in the gearshift
process. Li et al. proposed a coordinated driving motor speed
and gearshift motor displacement control strategy for the inte-
grated motor-transmission (IMT) system during the gearshift
process [20]. Tian et al. investigated the optimal coordinated
gearshift control of a seamless two-speed motor-transmission
system for EVs. The strategy is developed based on opti-
mal controllers, which is normally used to achieve high-
quality gearshift process in the torque phase and inertia phase,
respectively [21]. Choi et al. proposed a method for estimat-
ing transmission torque, which can adaptively compensate
for the changing factors in gearshift process [22]. Wu and
Zhang. built a rigid dynamic model of planetary-dual motor
powertrain to formulate a general energy management strat-
egy (EMS) and a robust EMS that can avoid the drastically
change of motors speed, and proposed a speed feedback
control strategy to improve gearshift quality [23]. Roozegar
and Angeles. developed a gearshift control scheme for a
novel multi-speed transmission system (MST) of EVs, and
the main advantages of MST are simplicity and modular-
ity [24]. Li et al. designed an active disturbance rejection con-
trol method for the complex motor-transmission system and

43352

uncertain gearshift process [25]. In Refs [26], a cooperative
control strategy for the gear shift is proposed and a robust
multivariable controller is designed as the upper-level control
to treat the coupling effects effectively, in spite of the presence
of model uncertainties and disturbances. Lin et al. propose a
modified trajectory tracking control method with current feed
forward active disturbance rejection control (CFF-ADRC)
to carry out the optimized shift force trajectories to achieve
optimized gearshift [27].

In summary, the following research gaps are identified

based on the literature review:

1) The above researches ignore the influence of the output
shaft speed state on the gearshift process. According
to the experimental data, this study finds the problem
that the speed transformation rate of output shaft will
cause the reduction of shift quality or even the failure
of shift;

2) The control methods in literature review are optimal
control methods aiming at improving shift performance
without considering shift reliability;

3) The optimal shift control model considering external
disturbance is generally a coupled model, which needs
to be decoupled.

The main research of this paper includes the following

aspects:

1) A special electric drive system architecture is designed
for the special application scenarios of 2022 Beijing
Winter Olympics;

2) Aiming at the time-varying characteristics of the load
in the gearshift process, a control strategy based on the
hierarchical LQR controller is proposed;

3) The upper layer of the controller robust tracking lin-
ear quadratic regulator (RTLQR) algorithm to control
speed change rate of output shaft in the gearshift pro-
cess, thus reducing the load in engagement process.
The lower controller adopts disturbance suppression
linear quadratic regulator (DSLQR) algorithm to con-
trol shifting force and improve the system adaptability
to the disturbance conditions;

4) The influence of different control methods on the
gearshift process is analyzed, and the accuracy of pro-
posed hierarchy LQR controller is verified by the test
results.

Il. POWERTRAIN CONFIGURATION AND DYNAMICS
MODEL

Based on the dual-motor-transmission system and multi-
dimensional optimization theory, this paper proposed a
Dual-Motor Coaxial Propulsion (DMCP) system, which
can provide multiple modes to deal with complex oper-
ating conditions to meet the special application scenarios
of 2022 Beijing Winter Olympics. In addition, the biggest
advantage is that the system can achieve gearshift without
interruption. The DMCP application scenario as shown in
Fig.1.
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A. CONFIGURATION AND OPERATING PRINCIPLES OF
bmcpP
The configuration of the DMCP is shown in Fig.2, which
mainly consists of an Auxiliary Motor (AM) and a Traction
Motor (TM). In addition, a two-gear planetary transmission
is connected to the dual-motor power. Since the AM and TM
are arranged in coaxial coupling through the transmission,
the dual motor output torques are mutually additive and the
speeds are proportionally consistent. In order to reduce the
torsional vibration of the system, the motor power shaft and
the system output shaft are arranged on the same straight line.
Since the TM is directly connected to the drive axle, which
alone constitutes a conventional single motor system, the
vehicle will not experience power interruption during oper-
ation, that is, the vehicle is driven by AM and TM in the
torque coupling mode. During the gearshift process, the AM
is separated from the system output shaft and the vehicle is
driven solely by TM, which compensates for the torque loss
induced by the lack of AM power.

B. DMCP SYSTEM MODELING

1) TRACTION MOTOR AND AUXILIARY MOTOR

The TM and AM are both permanent magnet synchronous
motors (PMSM), Their dynamic characteristics can be
expressed by establishing boundary constraints on the
response rate of motors. The total efficiency of AM and
TM can be modeled through a preset static map, as shown
in Fig.2, which is obtained by experiment in prior. Thus,
the efficiency and dynamics model of the motors can be
described as follow [8]:

—sgn(TT™M/AM @TM/AM)
Prviam = TTM/AM * OTM/AM * TTvizaM

sgn(TTm/AM - @TM/AM)

i

=< kmot

Ttv/iaMm - @oTM/aM > 0
Ttv/am - otv/am < 0

dTtv/am
dt

ey

where Prmyam represents the electric power of motor,
Ttv/aM and wrm/aMm are the torque and rotation speed of
the motors, respectively, and kot 1S an adjustable response
gradient threshold. The motor efficiency 7 can be determined
by a two-dimension lookup table according to the torque
Ttv/aMm and rotation speed wtm/AMm-

2) TRANSMISSION MODEL

As shown in Fig.3, the transmission is a single planetary
gearbox, and the transmission is divided into 2 gears. Under
the action of the synchronizer, the transmission is in the first
gear when the ring gear is fixedly connected to the planetary
row housing, and the transmission ratio is 2.98 at this point;
when the ring gear is fixedly connected to the planet carrier
of the planetary row, the transmission ratio is 1. Transmission
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ratios of different gears can be expressed as:

C
c Wy ws—wc  zp TP
fp=—F¢=——"—=-"=-—2
Wp wp — wC <8 rs
C
c Wy wgs—wc  ZR IR
wg  WR—WC zs rs

where igP is the transmission radio between sun gear and

planet gear; igR is the transmission radio between sun gear
and ring; a)g is the relative angular velocity of planet gear
and carrier, a)SC is the relative angular velocity of sun gear and
carrier, a)lg is the relative angular velocity of ring and carrier;
wpws wr are the angular velocity of planet gear, sun gear and
ring, respectively; zp, z,zr are the teeth of planet gear, sun
gear and ring, respectively; rp, rs, rr are the reference radius
of planet gear, sun gear and ring, respectively. According to
geometric relations, following formula can be obtained:
2a)prp = WRIR — WSTs§ (4)
2wcrc = WRYR + wsrs

Finally, the kinematic equation of two-gear planetary trans-
mission can be obtained:

1 k)
wp —kp +1 kp —1 ws
= 5
|:60C] 1 kp WR )
b+ 1 k+1

where kj, is the characteristic parameter, which is obtained by
dividing teeth of ring by teeth of sun gear.

3) DYNAMICAL MODEL OF GEAR ENGAGEMENT

As the most important state of gearshift process, gear engage-
ment directly determines the indicator of gearshift quality.
It represents the movement process of the sleeve from neutral
position to the target gear position. The most representative
nodes of gear engagement are mechanical synchronization
node and tooth contact node. Mechanical synchronization
is the process in which sleeve pushes the synhronizer ring
into contact with the friction cone to eliminate the speed
difference. The dynamical function can be represented as:

dwsig

Fmsyn AV Mmsyn * (R1 + Rp)
Jsta - = .
dt sin o«

— T (wsia)
©6)

where Figym is the force of gearshift actuator in synchro-
nization node; Jg, is the inertia of synchronized part; wg, is
angular velocity of synchronized part; « is the friction cone
surface angle; [tmsym iS the friction coefficient of friction
cone surface; Ry and R, are effective radiuses of dual conical
surfaces-generated synchronizer; Tzq (wy1q) 1s the resistance
moment in process. The tooth contact node is the collision
place of sleeve and target gear. The dynamical function can
be represented as:

dwyig

Jsta - —= = Fi_iG - Reop - A — T (wsia) @)
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Application
scenario

FIGURE 1. The DMCP application scenario.
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FIGURE 2. The scheme of DMCP system and Efficiency map of the motors.

where R is the effective radius of spline in the sleeve; Fi_gg
is the tangential force of gearshift actuator in process; Ai is
the equivalent transmission ratio of synchronized part

IIl. GEARSHIFT CONTROL SYSTEM

In general, the control of vehicle powertrain system is exe-
cuted in a hierarchical manner. The gearshift process is coor-
dinated by the vehicle control unit (VCU) and transmission
control unit (TCU) which monitors the control logic operat-
ing status.

The coordination gearshift control strategy of DMCP sys-
tem is shown in Fig.4. This strategy is mainly comprised
of following five stages Stage 1: Reduce AM torque to the
threshold value and coordinate TM torque to maintain power-
train output torque; Stage2: Thrust the sleeve into the neutral
position; Stage 3: Eliminate speed discrepancy of TM and
AM,; Stage4: Thrust the sleeve into the target gear position;
Stage 5: Reinstate TM and AM torque to the target value.
It should be also noted that the control mode of AM is
switched according to the specific gearshift stage.
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In general, gearshift faults often occur in the engagement
stage. Since the influence of speed variation rate of output
shaft on synchronization and tooth contact is ignored in the
initial design of the gear shift strategy.

This paper reveals the failure of gearshift caused by over-
sized speed variation rate of output shaft. Then a robust
tracking and disturbance suppression control method based
on hierarchy layer LQR is proposed.

A. PROBLEM DESCRIPTION

In the experiment process, the PI closed-loop control which
ignores the change of external load will lead to gearshift
failure. As shown in Fig.5, the sleeve has been lim-
ited to a distance of 4 mm from the target gear posi-
tion. At the same time, the maximum angular acceleration
reached 12.2 rad/s?.

The main reason of gearshift failure is the resistance torque
generated by angular acceleration. As shown in Fig.1, the
operating environment of the system is relatively complex,
and the routes are mostly in the mountains and there are many
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FIGURE 5. Experiment data of Gearshift failure.

ramps. Some slopes are relatively large, and the rotational
speed of the output shaft may change greatly during the
uphill or downhill process, which increases the risk of shifting
failure during the shifting process.

The system load change directly reflects the acceleration
value of the output shaft integrated with TM. Therefore, the
suitable torque control curve of TM can effectively reduce
the angular acceleration and avoid shifting failure in gearshift
process.

B. CONTROL STRATEGY PROCESS
Aiming at poor system adaptation to external disturbances,
this paper designs a controller to solve the complex robust
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Planet gear

Planet carrier

Gear ring

tracking optimal control problem during gearshift pro-
cess. The control flow is shown in Fig. 6, and a more
detailed explanation will be given below. The disturbance
observer needs to estimate the TM speed and the vehi-
cle load torque. The vehicle load includes wind resistance,
rolling resistance, slope resistance and mechanical braking
torque.

Since the gearshift control process is a typical multi-input
multi-output process, each output is solely controlled by a
corresponding input in order to set an appropriate gearshift
rule and make the input and output interrelated. A hierarchy
LQR controller based on the system decoupling method is
proposed. The disturbance terms and state variables of the
superstratum and substratum controllers are coupled with
each other. Taking as an example, the state variable x* of
DSLQR controller is the estimated value of TM speed change

rate cf)TM, which is also the disturbance term of RTLQR
controller.

1) DYNAMICAL EQUATION

The controlled objects in engagement process are gearshift
actuator DCM and traction motor TM. When the charge rate
of output shaft speed exceeds a range in engagement process,
it will affect the gearshift quality or lead to gearshift failure,
o it is necessary to control the torque of TM to reduce
influence of the change rate of output shaft speed.

The goal of engagement process is to allow the synchro-
nizer to contact with target gear quickly and accurately,
achieving “inter-tooth pairing”. At the same time, the relative
angular velocity of the synchronizer and target gear is close
to zero in the beginning of tooth contact process. Finally, it is
necessary to control the change rate of output shaft speed as
much as possible to reduce gearshift shock.

Further, the hierarchy LQR controller proposed is adopted
to accomplish the mentioned control objectives, in which
the superstratum is used to control the speed difference in
tooth surface contact node; the substratum is used to realize
the control of global TM speed change rate. The dual-layer
controllers are coupled with each other, and the multi-layer
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FIGURE 6. The process of gearshift strategy.

control system is realized through the decoupling between the
output control quantity and input.

Under the hierarchy controller architecture, the dynamic
function of the superstratum can be expressed as:

Rcop cos (78/2) — Heg sin ()/g/2)

Adp =
R J;q sin (yg/Z) + MegCOS (yg/Z)
Ti? (wg) & X
— LJT — .Kéq + 1) om (8)

The dynamic function of the substratum can be expressed
as:
%) .
X ) n -
ot = kigoFeG + ——= T + —=TvL
Smr dmrz

T
kry; = € (gear) - sgn ((f)TM)
i(z)Rcop cos (73/2) — Heg sin ()/g/Q.)
X R
mr2. 50 (1 /2) F egeos (1s/2)

0, gear =1
& (gear) =
(gear) 1, gear =2 ®
X —1, L;[)TM>0
sgn(a)TM>: R
1, a)TM<O
npkpJp
clz[le+—2](kp+1),
(kp—1 7
nppJp
=J Jy — ———
L=y +Jn k-1

where Acag is the relative rotation angle between synchro-
nizer and output shaft; ¢ (gear) indicates whether the impact
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caused by the synchronizing torque acts on the output shaft.
In the first gear, the synchronizing torque acts on the transmis-
sion housing, which will not affect the vehicle impact. In the
second gear, the synchronizing torque acts on the output shaft,
which will affect the vehicle impact. R, is the effective
radius of spline in sleeve; J f{’ is the equivalent inertia of
vehicle; y, is the spline kerf angle of sleeve; (g is the friction
coefficient on the tooth surface of sleeve and gear ring; Fgg is
the gearshift force; wry, is the estimated value of TM speed
change rate.

2) ROBUST TRACKING LQR CONTROLLER

The upper layer is robust tracking LQR, and its state space
equation calibration formula is:

)-(ul — Aulxul +Buluul +Muldul

yul — Culxul (10)
Define the state equation matrix under the controller:
_x’l‘l Aag
Xul — — , uul —[F
x’z‘l AO[R [ EG]
= (11)
1" (wr)
i 1
d’ = Cf)TM ) ylrlef = [AaRref]
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il [0 1
[0 0
i 0
B = | Reop €05 (vg/2) = tegsin (v5/2) (12)
| Jg" sin(vg/2) o Hegcos (ve/2)
ul [ ul _J_;q
ci =1 o],M = ¥
Jp!

The upper layer control optimization problem of gear pair
gear can be described as:

1 [ T
minJ“ = 5/ |:eTQ”le + (u”l) R“lu”l] dt (13)
0]

xul (t),ll”l ®

where Q* is the weight coefficient matrix of tracking error
and R* is the weight coefficient matrix of control variable:

T
e=yref—y”l=[W—AozR:| (14)
of 0
=]y | R=[®] 09

Hamiltonian function is constructed to solve LQR standard
form problem:

1 T
Hul — 5 |:(yref _ Culxul> Qul <Yref _ Culxul)

T <uulT) Ruluul] v ( NC I +Muldul>
(16)

Multiplier function matrix:

- @
Xul — Pulxul _ gul +Ngldul + ZNIMI (dul) ! (17)

i=1

g is the gain matrix of y*, d“ is the disturbance of the
system.Ngl is the constant coefficient matrix of d*/, (d“l)(l) is
i-th dqrivative of @ , N}” is the constant coefficient matrix of
(a) @ 11 is the highest order derivative of disturbance. In this
paper, the highest order derivative is 1st.

P is solved by Riccati equation:
-1 T
PMIAMI _ PulBul (Rul> (Bul> Pul
ul T ul (~ul ul T ul
+(C)QC +(A)P —0 (18)

VOLUME 10, 2022

According to the derivation:

= [ () () ()]

e PulMul
-1
Nz_Al — |:PulBul (Rul>71 <Bul>T _ (Aul)T:|
CoL (19)
N i=1,2,

l

o= [ ) ) ()]

% (Cm)T Qulyref

When designing the optimal controller for the engagement
process, the derivative of the disturbance adopts the first-
order derivative, and the optimal control law for the engage-
ment process is:

% Aag [n]
= K K —
(o) = o [

” /
K T (wr) K 1" (wr)
d oy dy OTM

Ky = — (Ruz)’l (Bul)T pul
K,, = (Ruz)—l (Buz)T
% |:PulBul (Ruz)’l (Buz)T _ (Aul)Ti|_1 (Cul>TQul
Ko = — (Ruz)*l (Buz)T N
() )

(20)

3) DISTURBANCE SUPPRESSION LQR CONTROLLER

The lower layer is disturbance suppression LQR, and its state
space equation calibration formula is:

% — Adigdl | gl ydl |l gdl on
vl = iy

Define the state equation matrix under the controller (22)
and (23), as shown at the bottom of the next page.

The lower layer control optimization problem of gear pair
gear can be described as:

a LT T (oa\T diodl a\ T i, di
min J :—/ |:(X)QX +(u)Ru:|dt
xd @yl 2y
(24)

where Q% is the weight coefficient matrix of tracking error
and R? is the weight coefficient matrix of control variable:

Q¥ = [chil]

RY — I:R?l] 3)
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Hamiltonian function is constructed:

1 [(qu)T Qx4+ (udl)T Rdludl:|
2

4adl ( Adlxdl 4 Bdlydl 4 ! ddl)

Hl —
(26)

Determine the optimal control law according to extreme
conditions:

JHY a\F
Juir =0= (v) =-

(Rdl>_1 (Bdl>T A7)

Multiplier function matrix:

n .
Al — pdigdl NBII a + Z N;_ll ( d‘”)(l)
i=1

(28)

d? is the disturbance of the system. Ngl is the constant
coefficient matrix of d%, (@) is i-th derivative of d%, N/
is the constant coefficient matrix of (ddl)(l), n is the highest
order derivative of disturbance. In this paper, the highest order
derivative is 1st.

Parameter matrix:

-1

Ndl |:Pdlel (Rdl> (Bdl>T _ ( AdI)T]
« PV 00
-1
Ndl |:Pdlel (Rdl> 1 (Bdl>T _ ( Adl)T]
xN& i=1,2,.
The optimal control law:
. . /
i} FEg FEG
(udl) =K I:C?JTM:I + Kgar | x + Kya | x
Ty Y Twe
-1
Ky = —B? (Rdl) p
-1
Ky = —B" (R") N{
Ky = —B4 (Rdl)_1 Nflﬂ
1
(30)

IV. SIMULATION AND COMPARISON
This section mainly analyzes the engagement process. Firstly,
the hierarchical LQR controller proposed in this paper was
simulated, and the influence of the hierarchical LQR con-
troller with and without anti-disturbance on the gearshift pro-
cess was compared; then the optimal control methods based
on PI and variational method were comparatively analyzed.
The simulation results showed that the hierarchical LQR
control method proposed improved the gearshift quality. The
system exhibited relatively good stability even in the presence
of external interference.

The evaluation indicators include the completion gearshift,
impact and the power loss rate. Generally, define the deriva-
tive of acceleration as impact:

. da _ do 31)
= T
dory
jv = M T (32)
dt i

For the dual-motor system studied in this paper, the power
loss rate of the system kpjoss during the shifting process is at
[0, k], and there is no complete power interruption state. The
definition of k is as follows:

Treo — T,
Kpioss = —4— "% 100%
Req
kpluss € [0, k] (33)
Treo — T
k= —Rea — ™M 100%
Req

A. SIMULATION RESULTS OF HLQR CONTROLLER
This section uses different weight coefficient matrices to
simulate and analyze the gearshift process based on the
designed hierarchical LQR controller. The upper layer con-
troller selects a fixed weight coefficient, and the lower layer
controller adjusts the weight coefficient of the TM motor
torque to adjust the output shaft speed. The influence of the
change rate of the output shaft speed on the shift performance
is verified.

The following two sets of coefficient matrices are adopted
in the simulation process:

ar [xf”] _ [cﬁm]’ udl = [TTM], a4 — |:}IEG:|

2
dl __ dl __ 0
= [0], B = [8 .

rr

€ (gear) - sgn (

43358

Ty, 22
— ]
i3Rcop 05 (Vg /2) — g sin (v /2) 23)
SmrTl;m (v5/2) + ttegeos (vg/2)
py—
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Coefficient matrix group (1):

Upper layer:
107 0
ul ul
= ,R - 1 5
N 0 10] ]
K = | -31623  —31638 |
Ky, =[31622 0] Kgu = [24.5949] Ky = [0]
(34)
Lower layer:
Q¥ =11000], R? = [1], Ky = [—31.6228]
Kgr = [-0243  —0.1951 ], (35)

Kgp = [ 11538 —0.9264 |

Coefficient matrix group (2):

Upper layer:
1070
ul ul
= 7R = ] ’
Q [ 0 10} [1]

K = [-31623 3165 ]

Ky, =[31622 0] Kgu = [24.5949], Ko = [0]

(36)
Lower layer:
Q¥ = [50000], R = [1], Ky = [—223.6068]
Ko =[-0243  —0.1951], 37)

Ky =[-0.1632  —0.131 |

Simulation results are shown in Fig7-Figl1:

As shown in the simulation results, when the coefficient
matrix (1) is used for optimal control, the speed change rate
of the output shaft is large, and the speed change of the output
shaft is fast. The negative torque generated is superimposed
on the output shaft. Since the gearshift force produces a
relatively small negative torque, the system output torque
is basically equivalent to the TM torque. The shift force at
terminal of shift process is about 120N, the maximum impact
[absolute value] of the vehicle during the process is about
—0.55m/s>, and the maximum average power loss rate of the
whole vehicle is about 28.74%. The coefficient matrix (2)
increases the weighting factor of the speed change rate of
the output shaft. The speed change rate of the output shaft
decreases rapidly in the gearshift process, and the speed
change rate of the output shaft is relatively slow. The shift
force at terminal of shift process is about 60N, the maximum
impact [absolute value] of the vehicle during the process is
about —1.26m/s>, and the maximum average power loss rate
of the whole vehicle is about 44%. Table 1 lists the gearshift
performance indicators based on coefficient matrix.

It can be seen from the simulation that the speed change
rate of the output shaft is an important factor affecting the
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FIGURE 7. Speed variation curves of different coefficient matrices in
engagement process.

gear-to-tooth process. The greater the speed change rate of the
output shaft, the greater the average Gear-shifting force. At a
certain level, the gear-shifting force may exceed the limit of
the actuator, causing the failure of gear-shifting. In addition,
in the process of balancing the speed change rate of the output
shaft, the shift quality was improved, but the change of output
shaft torque occurred, resulting in the shock and power loss
of the entire vehicle.

B. METHOD COMPARISON

In the presence of external disturbances, the effect of hierar-
chy LQR with and without disturbance rejection on gearshift
quality was comparatively analyzed through simulation. The
simulation results are shown in Fig12-14. When the controller
is equipped with disturbance rejection, the gearshift actuator
can make synchronizer turn an angle quickly, and the engage-
ment ring gear with the target gear achieves the effect of
“tooth tip to tooth groove,” realizing rapid shifting; when the
controller does not have anti-disturbance function, the gear is
engaged by using the same control parameters. In this case,
the synchronizer rotated through a negative angle, which is
a typical axial retreat phenomenon of the synchronizer. The
gearshift force during gear shifting is small, and the synchro-
nizer cannot rotate through the target angle to achieve ‘“‘tooth
tip pairing Cogging”’, which eventually leads to the failure of
gear pairing. From the simulation results, it can be seen that in
the presence of external disturbances, the designed hierarchy
LQR controller has better robustness.
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FIGURE 8. Synchronizer angle variation curves of different coefficient
matrices in engagement process.

Fig.15 shows the comparison curve of vehicle’s impact
degree in engagement process with three different algorithms.
The shifting comfort based on HLQR algorithm is the best,
the average impact degree is the lowest, and the maximum
impact degree is —2.76m/s>.Shifting comfort based on opti-
mal control based on variational method (OCVM) algo-
rithm takes the second place, with the maximum impact of
—4.32 m/s3. The PI algorithm has the worst shifting comfort,
with maximum impact degree of —4.95m/s?, and the impact
is bidirectional. The longest duration of the whole engage-
ment process based on PI algorithm is 265ms, followed by the
second shift time based on HLQR algorithm (210ms), and the
shift time based on OCVM algorithm is the shortest (184ms).

Simulation results show that the HLQR algorithm pro-
posed in this paper has better performance than the other two
algorithms in improving the comprehensive shifting perfor-
mance in the engagement process.

V. EXPERIENCE RESULTS

A. TEST PLATFORM

To verify the effectiveness of the control strategy designed
in this paper, a test bench was built, as shown in Fig.16.
Based on the control strategy designed in this paper, the
shift test was carried out, and the tests results were com-
pared with the results obtained by using other control algo-
rithms. The test bench includes drive system (main motor,
auxiliary motor, transmission, shift actuator, and transmission
controller), high-voltage power supply, permanent magnet
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synchronous motor controller, load system (inertia tablets).
The high-voltage power supply system provides a power
source for the entire drive system, the permanent magnet
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TABLE 1. Gearshift performance indicators of different coefficient matrix.

Maximum vehicle Maximum Shift force at
impact [absolute average terminal of
value] power loss rate shift process
[m/s’] [*] N]
coefficient
. -0.55 28.74 120
matrix (1)
coefficient
. -1.26 44 60
matrix (2)
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FIGURE 12. Variation curves of speed with and without disturbance
rejection control in engagement process.

synchronous motor controller follows the upper layer (TCU)
control instruction to control the output torque of the main
motor and auxiliary motor, implement the motor speed acqui-
sition and motor torque calculation, adjust the speed of the
auxiliary motor in the shift process, thus realizing the coop-
erative control of the shift process. The load system provides
the load for the whole drive system, The main motor and aux-
iliary motor output power for the power system as executive
components. the transmission realizes the variable speed and
variable torque of the drive. The shift actuator implements
and responds to the shift command to shift the transmission.

Transmission Control Unit (TCU) is the main carrier
to realize the control strategy designed in this paper.
Fig.17 shows an overview of the hardware resources of the
Transmission Control Unit (TCU). The microcontroller of
TCU is Infineon TC234 chip, which is a 32-bit platform. The
external crystal frequency is 20MHz, and the TCU hardware
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FIGURE 13. Variation curves of Sleeve Angle and output shaft speed
gradient with and without disturbance rejection control in engagement
process.

bus can be multiplied to 100MHz, which is rich enough to
support complex algorithms.

Fig.18 is the network topology and data flow of the whole
system. The main and auxiliary motor controllers transmit
the processed torque and speed information to the transmis-
sion controller through CAN2. The transmission controller
collects the electric current information and position infor-
mation of the shift actuator, and calculates the corresponding
shift force and DC motor speed. In order to analyze the
performance of the designed control strategy more accurately,
the transmission controller sets up a high frequency data
acquisition module with the acquisition frequency of 10kHz,
so that the data in the gearshift process can be stored in Flash
first, and the data collected by high frequency can be sent to
the PC via CANT1 after the shift process is completed.

B. TEST DATA ANALYSIS

In this section the influence of control strategies based on the
hierarchical LQR and PI algorithms on the performance of
engagement process is comparatively analyzed.

Fig.19 shows the torque curve of the output shaft during
upshift process, in which the blue dotted line represents the
situation when the target torque of the system is 300Nm. The
torque of output shaft based on hierarchical LQR algorithm
decreases smoothly from 300Nm to 85Nm. In contrast, the
torque of the output shaft based on the PI algorithm fluctuates
rapidly in the first 100ms, which is the main source of system
impact, and then gradually decreases to 163Nm. Fig.20 shows
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the curve of output shaft speed during engagement process,

CAN1
the output torque based on the two different algorithms shows e
little difference in the first 100ms, and after that, the speed dif- - e
ference between them becomes larger and larger. During the CANEEIow

whole gearing process, the output shaft speed based on hier-
archical LQR algorithm increases from 898rpm to 945rpm,
with an increment of 47rpm, and the output shaft speed based
on PI algorithm increases from 905rpm to 1000rpm, with an Fig.21 shows the speed curve of the gearshift motor during
increment of 95rpm. engagement process. The average speed of shift motor based

FIGURE 18. Bench system network topology and data flow.
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FIGURE 20. Speed curve of output shaft in engagement process.

on PI algorithm is greater than that based on hierarchical
LQR algorithm. Moreover, it can be seen that the speed of
the shift motor based on PI algorithm fluctuates greatly due
to the complex and random load received by the synchronizer
during the upshift process, which shows that the stability of
PI algorithm is not so good as hierarchical LQR algorithm.

Fig.22 shows the displacement curve of synchronizer dur-
ing engagement process. The displacement is AD value,
a synchronizer displacement of lmm corresponds to an AD
value of 60. The position of synchronizer based on PI algo-
rithm reaches the target position faster than that based on hier-
archical LQR algorithm. The positions of the synchronizers
based the two algorithms are both overshoot between 350 and
400ms, but the displacement overshoot of synchronizer based
on PI algorithm is greater. Combined with Fig.25, in fact,
the shift force has been removed at about 400ms, but the
synchronizer displacement in Fig.22 rebounds after 400ms.
This is because the actuator and synchronizer are non-rigid
bodies and there is a mechanical gap. Sudden unloading of
the extrusion force is bound to cause a certain rebound of
the synchronizer displacement, which explains why there is
a negative speed of the shift motor after 400ms as shown in
Fig.21.

Fig.23 ~ Fig.25 show several key performance index
curves. Fig.23 shows the curve of impact with respect to
output shaft torque change rate. The maximum output shaft
torque change rate based on hierarchical LQR algorithm and
PI algorithm is —2331Nm/s and —2884Nm/s, respectively.
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FIGURE 23. Torque gradient curve of output shaft in engagement process.

Compared with PI algorithm, the torque change rate of output
shaft based on hierarchical LQR algorithm is reduced by
19.17%. The impact based on hierarchical LQR algorithm
is one-way impact, and the impact based on PI algorithm is
two-way impact, so gearshift comfort based on PI algorithm
is worse than that based on hierarchical LQR algorithm.
Fig.24 shows the power loss rate (Kposs) of the system during
engagement process. The total target torque of the system is
300Nm, the maximum power loss rate based on hierarchical
LQR algorithm is 71.67%, and the maximum power loss rate
based on PI algorithm is 45.67%

Fig.25 shows the shift force curve during the shift pro-
cess. The maximum shift force based on the hierarchical
LQR algorithm and PI algorithm is 210N and 311N,
respectively. Compared with the maximum shift force
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TABLE 2. Comparison of gear shifting performance indicators based on
different algorithms during upshift process.

Maximum .
Maximum
output Maximum ear-
Time shaft geal
Kploss shifting
[ms] torque o
. [%] force
gradient IN]
[Nm/s]
LQR 397 -2331 71.67 210
PI 378 -2884 45.67 311
fmproved 5 o300 19.17%  56.93%  -32.48%
index

based on PI algorithm, the maximum shift force based
on the hierarchical LQR algorithm is reduced by 32.48%.
In the whole upshift process, the gearshift force based
on PI algorithm is greater than that based on HLQR
algorithm.

Table 2 lists the gearshift performance indicators based on
different algorithms in the upshift process, from which the
following conclusions can be drawn as follows:
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C. MODEL MISMATCH ANALYSIS

The method proposed in this paper solves the problem of
shift performance degradation caused by the change in output
shaft speed due to external load on the system. The accuracy
of the model is a prerequisite for the proposed method to
exert its control effect. We designed experiments to verify the
effect of model mismatch on shifting performance. During
the experiment we set different model parameters to esti-
mate the external load on the system. In the case of model
mismatch, there is a relatively large deviation between the
estimated result of external load and the actual value, and
the method proposed in this paper does not play its ideal
control effect, which makes the shift actuator stall in the
downshift process, as shown in Fig.26, and the shift actuator
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does not reach the target gear position, which eventually
leads to shift failure. As shown in Fig.27 and Fig.28, even
though there is a continuous shift force output from the shift
actuator in the case of model mismatch, the shift actuator still
appears to be stuck, which is caused by the insufficient torque
compensation of the TM motor due to the inaccurate external
load estimation.

VI. CONCLUSION

This paper provides a novel powertrain system design to
suit the vehicle requirements of the 2022 Beijing Winter
Olympics’ particular application scenario. A hierarchical
LQR algorithm is presented to handle the problem of shift
quality decrease caused by the speed transformation rate of
the output shaft, meanwhile improving the adaptability of
the system to disturbance conditions. Simulation and bench
testing are used to validate the proposed hierarchical LQR
algorithm, which was then compared to existing methods.
The following are the bench test results:

1) The gearshift time based on hierarchical LQR algo-
rithm is longer than that based on PI algorithm, but
the difference is not significant. The average gearshift
force based on hierarchical LQR algorithm is smaller
than that based on PI algorithm.

2) The maximum output shaft torque change rate based
on hierarchical LQR algorithm is 19.17% lower than
that based on PI algorithm. This is because the impact
based on PI algorithm is a two-way impact, the shift
comfort is worse than that based on hierarchical LQR
algorithm;

3) The maximum output shaft power loss rate based on
hierarchical LQR algorithm is 56.93% higher than that
based on PI algorithm, and the dynamics performance
in the shift process is slightly worse than that based
on the PI algorithm, but the additional load in the shift
process is reduced;

4) The maximum shift force based on hierarchical LQR
algorithm is 32.48% lower than that based on PI algo-
rithm, which can reduce the wear of actuator and syn-
chronizer to a certain extent.

It should be pointed out that this paper solves the problem of
poor shift quality due to rapid change of output shaft speed,
which is caused by external disturbances-vehicle load. Accu-
rate observation of external disturbances is an indispensable
part of the method proposed in this paper. Once the observed
disturbance exists deviation, the control results will exist
deviation.
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