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Abstract: Torque coordination control significantly affects the mode transition quality during the
mode transition dynamic process of hybrid electric vehicles (HEV). Most of the existing torque
coordination control methods are based on the mechanism model, whose control effect heavily
depends on the modeling accuracy of the HEV powertrain. However, the powertrain structure
is so complex, that it is difficult to establish its precise mechanism model. In this paper, a torque
coordination control strategy using the data-driven predictive control (DDPC) technique is proposed
to overcome the shortcomings of mechanism model-based control methods for a clutch-enabled
HEV. The proposed control strategy is only based on the measured input-output data in the
HEV powertrain, and no mechanism model is needed. The conflicting control requirements of
comfortability and economy are included in the cost function. The actual physical constraints of
actuators are also explicitly taken into account in the solving process of the data-driven predictive
controller. The co-simulation results in Cruise and Simulink validate the effectiveness of the proposed
control strategy and demonstrate that the DDPC method can achieve less vehicle jerk, faster mode
transition and smaller clutch frictional losses compared with the traditional model predictive control
(MPC) method.

Keywords: mode transition; torque coordination; data-driven predictive control (DDPC); hybrid
electric vehicle (HEV)

1. Introduction

The multi-energy powertrain system is the most distinctive feature that makes hybrid electric
vehicle (HEV) more energy efficient than the traditional vehicle, and its key technology directly
determines the economy, reliability, safety and comfortability in HEV. The control of the HEV
multi-energy powertrain system can be classified into two kinds of core problems. The first is the energy
distribution and efficiency optimization of multi-energy sources, and the second is the dynamic torque
coordination between the multi-power sources. The former aims to improve the fuel economy and
reduce emissions at arbitrary driving cycles. It belongs to the research category of energy management
strategy and has been widely concerned [1-3]. By contrast, the latter, which is critical to the ride
comfortability, switching rapidity and durability in HEV, is relatively less studied, but it directly
determines people’s purchase intention and influences the industrialization process of HEV. In fact, in
order to improve the fuel economy, frequent transitions among basic operation modes are required,
such as the motor-only mode, the engine-only mode, the compound driving mode and the regenerative
braking mode. However, mode transitions are often accompanied by the target torque mutation of
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the engine, the clutch and the motor. The vehicle impact, jitter and clutch excessive wear will appear
with unfavorable coordination; thus, the comfortability and clutch durability will be influenced in the
vehicle driving. In fact, torque coordination control has become not only the key problem of the HEV
multi-energy powertrain system, but also a tough tradeoff commonly concerned by the business circle
and the academia.

It is well known that the HEV powertrain structure is very complicated. To facilitate the torque
coordination control problem, early research works neglected the clutch dynamic characteristic, which
is a crucial factor to the mode transition performance. The torque compensation control strategy using
the fast response ability of the motor was an early torque coordination control method [4,5]. The engine
torque was estimated online, and the motor’s fast response characteristic was used to compensate the
output torque lag of the engine to decrease the total driving torque fluctuation of the mode transition
process, which could thus improve the comfortability. The advantages of this method are that it is
simple and easy to realize. A model matching control (MMC) method was proposed in [6]. The control
idea was similar to the torque compensation control strategy. Compared with the torque compensation
method, the motor torque demand was not simply equal to the difference between the total demand
torque and the estimated engine torque, but was obtained by a model matching controller using the
actual total torque and acceleration pedal as its inputs.

Taking the clutch dynamic characteristic into account, many research works handled the
torque coordination problem from the perspective of state equations under different running modes.
A fuzzy adaptive sliding mode approach was applied to the mode transition control in [7], and the
switched hybrid theory was applied to the control of a parallel hybrid electric vehicle drivetrain [8].
The model predictive control (MPC) method was also used to manage HEV mode transitions in [9,10],
in which two model predictive controllers were needed to accomplish the comfortable transition and
synchronize the two drivetrain parts, which were divided by the clutch. Considering the discontinuity
of the clutch, a model reference control (MRC) law was proposed to coordinate the engine torque,
the clutch torque and the motor torque during the mode transition dynamic process from motor-only
mode to compound driving mode [11]. The MPC method was combined with the MRC in [12], and
good mode transition performance has been achieved in the MATLAB/Simulink environment. Only
one model predictive controller was needed, which greatly reduced the calculation amount of the
control strategy and was more suitable for the real-time control application. However, when the MPC
method is further applied in the vehicle simulation platform, the mode transition performance is
unsatisfactory, especially the vehicle jerk outdistances the recommended value, which is 10 m/s? in
Germany and 17.64 m/ s3 in China [13]. This motivates us to find a more practical solution to solve the
torque coordination control problem.

It is worth pointing out that most of the above HEV torque coordination control methods are
based on the mechanism model, whose control effect heavily depends on the modeling accuracy
of the controlled process. The HEV powertrain is a multi-input and multi-output, nonlinear and
strong coupling system, so it is difficult to establish its precise mechanism model. Even if the global
exact mathematical model of HEV powertrain system can be obtained, the model is surely high order
nonlinear, which makes it difficult to use the mechanism model-based control methods. The mechanism
modeling is simplified to some extent for the convenience of controller design in the existing research,
which is bound to bring about many unmodeled dynamics and a poor control effect. Although a
seven-order mathematical model is used in [9,10], the quadratic terms proportional to vehicle speed
are neglected in the resistance torque model in order to facilitate the control design; thus, the dynamic
characteristics of the HEV powertrain system cannot be precisely described.

In recent years, the data-driven theory has provided a new path for the modeling and controlling
of complex systems [14,15]. There are abundant online and offline measurement data in the HEV
operation process, which provide the possibility for the realization of the data-driven modeling and
control for the HEV mode transition dynamic process. As one of the efficient data-driven control
methods, the data-driven predictive control (DDPC) algorithm was proposed in recent years, which
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combines the modeling superiority of the data-driven and the multiple-constraint handling capability
of the predictive control [16]. It was firstly proposed in [17]. Its basic idea is to use the data-driven
method to establish the data model of the controlled object and use the predictive control method
to design the controller. DDPC has been used for a multidimensional blast furnace system [18],
wind power generation [19], the distributed solar collector field [20], biped robots [21], a waste water
system [22], a vapor compression refrigeration cycle system [23] and other industrial applications.
Furthermore, a small quantity of application research works relative to DDPC have been used for
fast and dynamic situations, such as automated manual transmission (AMT) vehicle starting [24],
dual-clutch transmission [25] and high-speed train operation [26]. Since the actual engine torque,
the clutch torque and the motor torque and their change rates are all limited by actuator saturation,
the torque coordination control of HEV powertrain is a multiple-constraint optimal control problem.
Therefore, it might be a good choice to solve the HEV’s torque coordination control problem by the
DDPC method.

To the best of our knowledge, the proposed torque coordination control strategy based on
the DDPC method is a novel contribution for the HEV dynamic process control during the mode
transition process. Taking the representative mode transition process from motor-only mode to
compound driving mode as an example, a data-driven predictive controller is designed for the torque
coordination control problem of HEV, which overcomes the shortcomings of the traditional mechanism
model-based control methods. This controller is directly obtained only based on the input-output
data of HEV powertrain system, and no accurate mechanism model is required. A multi-objective
function is constructed, which deals with the tradeoff between the transition rapidity and the riding
comfortability. The time-domain hard constraints of the actuating units are also explicitly taken into
account during the optimization control solution. The Cruise simulation results demonstrate that
the designed data-driven predictive controller works very well during the mode transition process.
A model predictive controller is also designed for comparison. Cruise simulation results show that the
DDPC method achieves better mode transition quality compared with the MPC method, i.e., shorter
transition duration, better transition comfortability (smaller vehicle jerk) and lower clutch abrasion
(less frictional losses). This further validates the superiority of the DDPC method.

The remainder of this paper is organized as follows. In Section 2, the HEV model is built
in Cruise simulation software. In Section 3, the detailed implementation of the proposed torque
coordination control strategy based on DDPC method is introduced for the mode transition process
from the motor-only mode to the compound mode. In Section 4, Cruise simulation results validate
the effectiveness of the proposed DDPC method and its advantages over MPC method. Finally,
the concluding remarks are given in Section 5.

2. HEV Model in Cruise and Problem Formulation

In order to obtain the input-output data, which can fully reflect HEV dynamics, a complete
clutch-enabled HEV model is established in the professional automotive simulation software Cruise,
which is used by Volkswagen, General Motors, Qoros and other automobile companies; the block
diagram of the powertrain configuration is shown in Figure 1. The detailed vehicle parameters are
shown in Table 1. This HEV model can well describe the HEV'’s transient dynamic characteristics, e.g.,
the delay characteristics of engine output torque, the torsional vibration characteristics of the clutch
and the driving shaft, the tire slip characteristics, etc. The engine power is delivered to the drive-line
using the friction torque of the clutch. The rule-based energy management strategy is adopted in the
supervisory controller.

To improve the fuel economy and reduce emissions, multiple operation modes are required,
including stop mode, motor-only mode, engine-only mode, compound driving mode, regenerative
brake mode, charging mode, and so on. Therefore, various mode transition dynamic processes may
appear in HEV operation. The mode transition processes related to the clutch slipping phase are
relatively complicated and deserve intensive study. Among these processes, the mode transition from
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motor-only mode to compound driving mode is the most typical dynamic process, which will be

studied in this paper.
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Figure 1. The block diagram of the powertrain configuration.

Table 1. Key vehicle parameters in the cruise simulation platform.

Component Parameter Value and Unit
Vehicle mass 1430 kg
. Air density 129 kg/ m3
Vehicl
eicie Vehicle frontal area 2.15 m?
Aerodynamic drag coefficient 0.3
Moment of inertia 0.19 kg-m?
Engine Maximum speed 5800 r/min
Maximum torque 130 Nm
Clutch Moment of inertia 0.001 kg-m?
Maximum transferable torque 200 Nm
Moment of inertia 0.151<g~rn2
Motor Maximum speed 8000 r/min
Maximum torque 65 Nm
Battery Maximum charge 50 Ah
Tvre Moment of inertia 1.1 kg-m?
y Dynamic rolling radius 0.308 m
Gear Box Moment of inertia 0.005 kg-m?
Gear ratio 3.62,2.22,1.51,1.08,0.85
Moment of inertia 0.018 1<g~m2
SRT . .
Transmission ratio 5.5
. . Torque split factor 1.0
Differential Moment of inertia 0.02 kg-m2

For the convenience of research, we use the vehicle speed of 27 km/h as the mode transition
threshold. When the vehicle speed is lower than 27 km/h, the HEV is propelled only by the electric
motor, and the two sides of the clutch are separated. When the vehicle speed exceeds 27 km/h, the two
sides of the clutch remain separated; the vehicle is still propelled by the electric motor separately; and
the engine is started. When the clutch slip speed is less than a given threshold ¢, the mode transition
dynamic process from motor-only mode to compound driving mode begins. The clutch enters into the
slipping phase, during which time the coordination control of the engine, clutch and motor will directly
determine the transition quality. When the clutch slip speed is zero, the HEV works in compound
driving mode; the motor propels the HEV along with the engine; and the clutch is locked.

The indices to evaluate the torque coordination quality during the mode transition dynamic
process mainly are comprised of riding comfortability, rapidity and economy.
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a. Riding comfortability refers to whether the impact due to the acceleration change is acceptable
to the passengers during the mode transition dynamic process. It can be expressed by the vehicle
jerk, namely the change rate of acceleration.

- o
Cdt

where j represents the vehicle jerk whose unit is m/s® and a, represents the vehicle acceleration
whose unit is m/s?. The smaller the jerk, the better the riding comfortability.

b. Rapidity means whether the response speed to the mode transition command can satisfy the
driver’s requirement. It can be represented by the mode transition duration. The shorter the
transition duration, the better the rapidity.

c. Economy refers to the torque coordination strategy’s influence on the component service life in
the powertrain system. For the mode transition process related to clutch slipping phase, frictional
losses can be used to represent the clutch abrasive wear resulting from the control strategy.

t
W, = /fTC|Aw|dt
to

where W, represents the clutch frictional losses, T; is the clutch torque and f; and ¢ are the
initial time and terminal time of clutch slipping phase, respectively. Aw = w;; — we is the clutch
slip speed; wy, is the motor speed; w, is the engine speed; and | - | is the symbol for absolute
value. It can be seen that the clutch slip speed, the clutch torque and the clutch slipping duration
mainly contribute to frictional losses. The less the frictional losses, the longer the clutch working
life and the better the mode transition economy:.

3. Data-Driven Predictive Controller

In this section, we propose a data-driven predictive controller, which is directly based on the
input-output data of the Cruise simulation platform in order to deal with the torque coordination
control problem during the mode transition from motor-only mode to compound driving mode. Firstly,
we deduce the subspace predictor from the state space equation in brief and get the computational
formula of subspace matrices. Then, we represent the parts that can be finished offline, i.e., open-loop
data sample, the identification of subspace matrices and subspace predictor verification. Finally,
we translate the torque coordination control problem considering physical constraints into a quadratic
programming problem; thus, we can accomplish the data-driven predictive torque coordination
control online.

3.1. Derivation of the Subspace Predictor Equation

At the k-th sampling instant, the discrete state equations of the mode transition dynamic process
from motor-only mode to compound driving mode are as follows:

x(k+1) = Ax(k) + Bu(k) (1L.a)
y(k) = Cx(k) (1b)
y' (k) = C’(k) (1<)

where u(k) € R! is the input variable, y(k) € R™ is the output variable, y’ (k) € R is the constrained
output variable, x(k) € R" is the state variable and A € R"*", B € R"<L, C e Rm*n Cb ¢ RM*1 gre
the state, input, output and constrained output gain matrix, respectively.

Notably, the state space Equation (1) is just used to reveal the relationship between the state space
equation and the subspace predictor. The state space matrices are not required for the design of the
proposed data-driven predictive controller. We are only interested in identifying the subspace matrices.
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Equation (1) is a three-input three-output system for the studied mode transition dynamic process.
Its input is selected as u(k) = [T, (k) Te(k) Ty (k)]", where T, is the engine torque, T, is the clutch
torque, which is proportional to the normal pressure between two sides of the clutch and can be
controlled by the displacement of clutch release bearing, and T, is the motor torque. y(k) = Aw(k) is
selected as the system output. The engine speed w, and motor speed w,, constitute the constrained
output y? (k) = [w, (k) wm(K)]T; thus, [ = 3,m =1, m, = 2.

The open-loop data collection of the input, the output and the constrained output u(k), y(k)
and y? (k) for k € {1,2,3,...,2i + j — 1} are collected through the Cruise simulation platform, whose
details are shown in Section 3.2.

Next, the data block Hankel matrices U, Ur, Yy, Yy, YZ and Y? are constructed to identify
the subspace matrices, which are used to design the data-driven predictive torque coordination
controller [16].

The data block Hankel matrices U, and Uy for u(k) are denoted by:

u(l) a2 u(j)
u(2)  u(3) u(j+1)
U= | @ u@) u(j+2) ®
u('i) u(iib—l) u(i—O—'j—l)
u(i+1) u(i+2) u(i+j)
u(i+2) u(i+3) u(i+j+1)
U = u(i+3) u(i+4) u(i+j+2) 3)
u(éi) u(2i.+ 1) u(2i +] -1)
The data block Hankel matrices Y, and Y for y(k) are constructed as follows:
y@)  y(2) y(j)
y(2) ¥y y(+1)
Y,=| y3) vy y(j+2) 4)
yi) yi+1) o ylitio1)
y(i+1) y(i+2) y(i + )
y(i+2) y(i+3) y(i+j+1)
Yr= | y(i+3) y(i+4) y(i+j+2) (5)
y(.Zi) y(2i‘+ 1) y(2i —I—] -1)

where p and f denote the past and the future, respectively. The matrices above have i-block rows and
j-block columns. The constrained output Hankel matrices Y’;, and Y? for Y?(k) can be constructed in
the same way. The past and future state sequences are defined as follows [16]:

x,,:[xu) x(2) x(3) - x(j)}, ©6)

Xp=| x(i+1) x(i+2) x(i+3) x(i+j) |- @)

where i <.



Energies 2017, 10, 441 7 of 21

By recursive substitution of (1.a) and (1.b), the matrix output equations used in subspace
identification are obtained as below:

Yp = l“l-Xp =+ HiUp, (8)
Yf = TiX¢ + HiUy, ©)
where:
C
CA
r=| cA* (10)
CA'ifl
0 0 00
CB 0 00
H; = CAB CB 00 (11)
: : 10
CA"2B CA3B ... CB 0

The following matrix equation can be reduced from the iteration of (1.a):
X = A'X, + ATU,, (12)

where AY = [A”1B A"2B ... BJ.
The following formula is obtained by solving the matrix Equation (8):
X, =TT (Y, — HUy,), (13)

1

where 1 represents the Moore-Penrose pseudo-inverse.
When (13) is substituted into (12), the following formula can be obtained:

X; = ATTY, + (A — AT H;)U,. (14)
The following formula is derived when (14) is substituted into (9):
Y, = [ATY, +T;(AY — AT H;)U, + HiU. (15)

With enough measurement data, (15) can be written as the following optimal predictive output:

Y = LoW, + L, Uy, (16)
where:
Y
W, = . 17
=1, (17)

Equation (16) is the subspace predictor equation. It shows that the future output can be predicted
based on the past input-output data and the future input. Wy, is the past input-output data matrix.
Uy is the future input data matrix. Ly and Ly, are the coefficient matrix of Wy, and Uy, respectively.

The least-square prediction Y ¢ can be found by solving the least square problem:

W 2
— p
s (Lw L”)(Uf>

min
LIU /LM
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Y £ can be found by the orthogonal projection of the row space of Yy into the row space spanned

by Wj, and Uy
N A4
Yf:Yf/[ U;’ ]

.
)|
-1
=, [ W] U}]( ‘G’;’ R UH) . (18)

The terms l"l.b , Hib, Y?, W’;,, Lg), and L’L’, of constrained output yb (k) can be obtained in the same
way as (10), (11) and (16)—(18).

3.2. Identification of Subspace Matrices

The prediction accuracy of the subspace matrix identification method is sensitive to different
open-loop data. During the open-loop data collection phase, to get an accurate subspace predictor
equation, we should design the input data to fully excite the system dynamics relevant to the control
goal. That is to say, the designed input data should be as diverse as possible.

As shown in Figure 2a—c, the input data T,, T; and T, which can fully excite the system
characteristics of the HEV powertrain, are constructed. The system output Aw and constrained
outputs w,, wy; can be obtained after the input data act on the built HEV dynamics model, as shown
in Figure 2d—f. The sample time T; is chosen to be 0.01 s; the number of rows i in the input-output
data matrix is chosen to be 20; and the number of columns j in the input-output data matrix is chosen
to be 180. Thus, the open-loop data at 219 sampling instants are collected during the studied mode
transition dynamic process.

Based on the sampling data as shown in Figure 2, the data block Hankel matrices Uy, U 7 Yp, Yy,
Yl;, Y;’f of input u(k), output y(k) and constrained output y? (k) can be constructed. Then, the subspace

matrices Ly, Ly, LZ, and Lf, can be solved using the corresponding formulas.

25 2.
20 20
7 157 = 157
g g,
=" 10 =" jof
5r 5
0 . ) 1 A 0 . 1 h
1 50 100 150 200 219 1 50 100 150 200 219
Number of samples Number of samples
(a) (b)
70
65
60r 1 .
T 2
Z 550 1 E
=5 g
50 b
45F
4Ol 50 150 200 219 5Ol 50 150 200 219

100 00
Number of samples Number of samples

(c) (d)

Figure 2. Cont.
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 (rad/s)

300 T T T T 350
250 340
200 3301
2
=
150 £ 3201
e
100 310p
50 300 b
Gl 50 100 150 200 219 29(\] 50 100 150 200 219
Number of samples Number of samples

(e) ()

Figure 2. Input and output data of 219 sample points for identification: (a) Engine torque T,; (b) Clutch
torque T; (c) Motor torque Tj,; (d) The clutch slip speed Aw; (e) Engine speed w,; (f) Motor speed wy;.

3.3. Verification of the Subspace Predictor Equation

The input-output sampling data from the 220th-599th sampling instant are used to verify the

effectiveness of the identified subspace predictor equation (i.e., whether the identified subspace
predictor equation can well reflect the HEV’s dynamic characteristics). The constructed fully-excited
input data T,, T;, T, and the specific identification prediction effect are shown in Figure 3.

T (Nm)

e

actual and predicted © (rad/s)

25 T T T T T T 25 T T T T T T

201 q 201 1

15 1 z 15 4
Z.

10( 1 =710 |
5/20 300 350 400 450 500 550 599 f20 300 350 400 450 500 550 599
Number of samples Number of samples

(a) (b)
80, T T T T T T 150, T T T T T T

—actual A®
-- predicted A®w

=3
?
L

actual and predicted Aw(rad/s)

920 300 350 400 450 500 550 599 _55)20 300 350 400 450 500 550 599
Number of samples Number of samples
(0) (d)
500 450y
z
4501 q E
=
400r 3 400
9
£
350F 2
51
a
L 1 9
300 —actual @ E 350 —actual ®
. = m
250F -- predictive O é -- predictive ®
8 m
20920 300 350 500 550 599 30920 300 350 500 550 599

Number of samples Number of samples

(e) ()

Figure 3. Input and output data for verification and identification results: (a) Engine torque T; (b) Clutch
torque T; (c) Motor torque Ty;; (d) The identified results of the clutch slip speed Aw; (e) The identified
results of constrained engine speed we; (f) The identified results of constrained motor speed wy,.
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As shown in Figure 3d-f, the predictive output can fit the actual output very well when Aw is not
equal to zero. Since the data used to identify the predictive model do not include the case that Aw is
equal to zero, a small predictive error appears when Aw is equal to zero. The subject investigated in
this paper is the clutch slipping phase during which Aw is not equal to zero, so the predictive error
appearing in Figure 3 will not influence the design of the proposed data-driven predictive controller.

3.4. Description of the Optimization Problem

The control input sequence increment Au (k) to be optimized at time k can be expressed as follows:

Au(k)
Au(k+1)
Auf(k) = . ,
Au(k+ N, —1)
where:
AT, (k+q)
Au(k+q)= | AT.(k+gq) |,9=0,1,...,N, — 1
ATy (k+9)

The predictive control output sequence i f(k +1) is defined as follows:

> <&

(k+1)
k+2)
‘]f(k‘f‘l) =

y(k+ Np)

Ny and Ny, are used to represent the prediction horizon and the control horizon, respectively.

The cost function is usually defined as a quadratic form in order to make the predictive output as
close as possible to a given reference output. A penalty term is added to the cost function to punish
the violent changes of control variables. Therefore, considering the input and output constraints,
the optimal control problem during the mode transition dynamic process from motor-only mode to
compound driving mode can be described as below:

i k), Auys(k),N,, N
AI,’E}I{IE)](”( ), Bug(k), Np, Ny)

2 2
= Hl"y(yf(k+1) — Re(k+ 1))H + ] l"uAuf(k)H (19.a)
st upin(k+q) <ulk+9g) < wpax(k+9),g=0,...,N, — 1, (19.b)
Auyin(k+q) < Au(k+q) < Aupax(k+q),g=0,...,N, — 1, (19.0)
mein(k+s) < Yh(k+s) < meax(k+s)ls =1, "/Npr (19d)
where:
T 0 - 0 T 0 - 0
0 Ty,Z e 0 0 Ty - 0
Fy - . . . . rru = . . . . 4
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r(k+1) oéy(k)
Ry (k4 1) = r(k:|—2) _ o y(k)
Wt Ny) ||y

In this cost function, the control objective of the first part is to force the clutch slip speed to
converge to zero, which realizes the fast mode transition and reduces the wear and tear to the clutch.
The control objective of the second part is to limit the torque changing rate of the engine, the clutch
and the motor to ensure the mode transition comfortability. Obviously, these two control objectives are
contradictory. The weighting factors I', and T',, are given to trade off the two conflicting objectives.
The bigger the weighting factor I'y, the faster the mode transition process. The larger the weighting
factor I';, the less the vehicle jerk.

R.(k + 1) is the reference sequence of Aw within the prediction horizon, and « € (0,1) is an
adjustable parameter. The smaller « is, the faster the clutch slip speed reaches zero. Thus, the clutch
can finish the engagement more quickly.

3.5. Predictive Output Equation

In order to deal with the optimal control problem (19.a), the predictive output equation will be
deduced in this section based on the data-driven method and the predictive control method.

To guarantee regulation with zero steady-state error for the reference input, the subspace matrix
incremental input-output expressions are as follows:

AYf = LyAWp + L, AUy, (20)
and:
A
A (k) = Ly (1: mNp,:) [ AZV + Lu(1: mNp, 1 : INy)Aug (k). (21)
p
where:
AY , , T
AW, = AUZ By, = [ Ay(k—i+1) Ay(k—i+2) --- Ay(k) } /
T
Bup = [ Du(k—i) Mu(k—i+1) - Au(k—1) ]

Therefore, the optimal prediction of the future outputs can be derived as the following form:

A
§r(k+11k) = y(k) + Ly(1: mNp, ) [ A?/p + SN, N, A (k)

Up

=F+ SN,,,NuA”f(k)/ (22)

where Sy, N, is the mN), x IN,, dynamic matrix containing the step response coefficients and formed
from L,:

Il><l 0 . O
I I -+ 0

Snpny = Lu(L:mNp, 1IN | 0 (23)
I I o Iy

y® =[y0 yo -y ] 1)
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LZAU is constructed from L, and F is the free response for the case of measured disturbances:

k
Lo(k:) =Y Lu(i,:),1 < k < mN, (25)
i=1
A Ay
F=y(k) + Ly(1: mNp,:) P (26)
Auy

S?\]p/Nu’ y?(k), LEA, F about yj’f(k + 1|k) can be calculated in the same way as (23)—(26).
3.6. Data-Driven Predictive Controller with Constraints
The DDPC problem (19.a) is usually converted into the following quadratic programming problem:

. 1 T T
Al’]l;}l(r]:) EAuf(k) HAug (k) + G(k + 1[k)" Aug(k), (27)

s.t. CuAuf(k) S b.

First, the expression of H and G will be briefly inferred. When (21) is substituted into (19.a),
the following formula can be obtained:

J = Dug(k)(Sn, N, ) Ty Ty S, N, Auap (k) + Aup (k) Ty Au g (k)

— 2E(k+1)"T TSN, N, Aug(k) + E(k+1)"Ty T E(k + 1)

= J'+E(k+1)'TyT,E(k+1), (28)
where E(k+1) = R.(k+1) — F.

The last term in ] is irrelevant to Aug(k), so the cost function will be minimized if ]’ obtains
the minimum.

J' = 5 g (k) Hug () + Gk + 1[K)" Bu k), (29)

where:
H =2((Sn,n,) Ty TySN, N, + Tilu),
G(k+1]k) = —=2(Sn,n,) Ty TyE(k+1).
Therefore, the optimal problem (19.a) is converted into the quadratic programming problem (27).
Then, the constraint condition matrix C, and b of the quadratic programming problem (27) will

be inferred from (19.b)—(19.d).
Let:

u(k) umin(k)
u(k+1) | kD)

u(k+ N, —1) Wi (kK + Ny — 1)
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Uy (k) Au(k)
Wpax(k+1) Au(k+1)
ufmax(k) = Ufmax = . 'Auf(k> = Auf = . ’
Wyax(k+ N, — 1) Au(k+ N, —1)
Ay, (k) Aty (k)
Auyi, (k+1) Aty (k+1)
Aufmin(k) = Dupyin = . rAufmax(k) = Ay = .
Auyiy (k+ Ny — 1) Augpar(k+ Ny — 1)
y'(k+1)
b
R y’(k+2)
y' =y +1lk) = : :
y? (k + Np)
Yﬁu‘n (k + 1) ygmx (k + 1)
b ygnin (k + 2) b ygnax (k + 2)
Ymin = : rYmax = . ’
yzin(k—i_NP) anax(k""NP)

the constraint conditions (19.b)—(19.d) change to the following form:

U fmin < us < Ufmaxs
Aufmm < Auf < Aufmux,

b b b
Yinin < y < Ymax-
For the constraint condition (31.a),

up = Clu(k - 1) + CzAuf,

where:
I35 I35 0 0 0 0
I33 I3xs Izxz 0O 0 0
Ci=| Ixs | ,C=| Iaxz Izxz I3z 0 0
I3x3 I3z Izxz Izxz Isxz O
I3x3 I3z Isxs Isxs I3xs I3xs

Therefore, (31.a) can be changed to the following form:

G [ Ufmax — Clu(k - 1)
Aurs < .
[ G ] = —Ufpin + Cru(k — 1)

Constraint Condition (31.b) can be changed to the following form:

Aufmax
_Aufmin

I3n, %3N, Aus <
—I3n,x3N, | f=

(30)

(3l.a)
(31.b)
(31.0)
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Constraint Condition (31.c) can be changed to the following form from (22) and (30):

st b
[ _szNu 1Auf(k) <

y?nézx —F b
“Yonin +F

Overall, the constraint condition matrices can be derived as the following form:

G [ ufmax_clu(k_l) |
-G —Ufmin + Cru(k —1)
co_ I3N, %3N, b — Aty
" —I3N, %3N, |’ — At i
S?\[PrNu yzmx - Fb
_S?\IP,NU ] L _yfm‘n +F

According to the receding horizon principle of predictive control, only the first element of Au (k)
is implemented, and the calculation is repeated at each time instant. Hence, at the k-th sampling
instant, the control law is given as follows:

Au(k) = { I3x3 03x3 03x3 03x3 033 ]Auf(k)-

4. Results and Discussion

The co-simulation of Cruise and MATLAB/Simulink R2010a is conducted under the urban driving
cycle (UDC), which is shown in Figure 4a. The simulation time step is equal to 0.01 s. The maximum
torque and maximum speed of the engine, clutch and motor are shown in Table 1. N, is chosen to
be 20, and N, is chosen to be five. ¢ = 30rad/s; Weyi; = 720 r/min; W, = 0 r/min; a = 0.5;

4 00
Ty1=Ty2="""=Tp=08and 11 =70=--=75=| 0 1 0 |.Toimprove the transition
0 0 2

comfortability, the variation ranges of control increments are as follows: —50 Nm/s< AT, <50 Nm/s,
—50 Nm/s< AT, <50 Nm/s and —100 Nm/s < AT,;, < 100 Nm/s.

4.1. Data-Driven Predictive Control Method

Figure 4b—f show the Cruise simulation results of the proposed data-driven predictive torque
coordination control strategy considering the constraints. At 60.44 s, the vehicle speed reaches 27 km/h;
the mode transition from motor-only mode to parallel hybrid operation begins; the engine is started
with a constant torque 60 Nm; and the two sides of the clutch are still separated. At 61.22 s, the engine
speed rises very close to the motor speed (the clutch slip speed reaches 30 rad/s), and the clutch enters
into the slipping phase. At about 61.49 s, the clutch slip speed reaches zero, then the clutch torque
increases with a predetermined pattern to lock up reliably according to its characteristics. It can be seen
that good transition quality can be achieved. The amplitude of vehicle jerk is 9.96 m/s®, which avoids
the discomfort of the passengers during the mode transition process. The mode transition duration is
about 1.06 s, which can well meet the driver’s transition demand. The slipping duration of the clutch
is only 0.27 s, and the total friction work is only about 8.59 ]J. This helps to prolong the clutch life.

The control effect of different switch triggers € on the vehicle jerk, mode transition duration, clutch
slipping duration and clutch frictional losses is shown in Table 2. Additionally, the vehicle jerk of the
DDPC method under different € is shown in Figure 5. It can be seen that a small switch trigger implies
less usage of clutch torque. The smaller the switch trigger, the smaller the vehicle jerk and the less
the clutch frictional losses. However, the smaller the switch trigger, the longer the mode transition
duration. Taking sensor inaccuracy and actuator delay into account, it is hard to achieve small jerk
with a too small € [12], so ¢ is selected to be 30 rad/s.
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Figure 4. Cruise simulation results of the data-driven predictive controller considering the constraints:
(a) Urban driving cycle (UDC); (b) Jerk; (c) The clutch slip speed Aw; (d) The engine torque T,; (e) The
clutch torque T¢; (f) The motor torque Tj,.

40

30r

201

—e=10rad/s
€=30rad/s
--¢g=50rad/s -

61.4
time(s)

61.5

Figure 5. Vehicle jerk of data-driven predictive controller considering the constraints under different e.
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Table 2. Cruise simulation results of data-driven predictive controller under different speed
difference thresholds.

€ Jerk Range Transition Duration  Clutch Slipping Duration  Clutch Frictional Losses
10rad/s  —4.8-2.96 m/s® 1.18s 0.32s 0.0027
30rad/s —9.96-6.76 m/s> 1.06s 0.29s 8597
50rad/s —9.96-32.1m/s> 1.01s 0.27s 42.92]

4.2. Comparison with the Model Predictive Control Method

In this subsection, the torque coordination control effect of the DDPC method is compared with
that of the MPC method to further illustrate the advantages of the proposed mode transition strategy.

To get the model predictive torque coordination controller, the built HEV vehicle model as shown
in Figure 1 can be simplified to the structure in Figure 6.

Ji we J2 wm

.

T. Tc Tn YTwh

Figure 6. Simplified model of the HEV drive-line.

The equivalent inertia moment of the clutch input side J; = J., where J, is the inertia moment of
the engine.
The equivalent inertia moment of the clutch output side can be expressed as:

2
]2:]c+]m+]GB+].52RT+ mR In

.2 .2 .2 .2 7
6B 'GB'srr  'GBYSRT

where Jc, Jm, JgB, Jsrr and [p are the inertia moments of the clutch, motor, gearbox, single ratio
transmission (SRT) and differential, respectively.
The vehicle resistance torque can be expressed as:

Ty, = [mgsina + fymgcosa + chAv(wzuhR)2}R-

For the selected UDC, the road inclination angle is equal to zero; thus:
Ton = [frmg + gCDAv(wth)Z]R'

In the existing torque coordination control literature using the MPC method [10,11], for the
convenience of the model predictive controller design, the contributions of the quadratic term of w?,
to Ty, are all considered small since the development of this powertrain model is built for the clutch
engagement at low vehicle speeds (below 27 km/h). Thus, without significant loss of accuracy, the
resistance torque T, is simplified as T,;, = f,mg.

The equivalent vehicle resistance torque can be expressed as:

- Twh _ Tw

wh

iGBISRT i

The state variable, control vector, output and constrained output are defined as:
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w Te
X = € ,u= TC ,yC:Aw,bean.
Aw
Tom

Therefore, the dynamic equation in the mode transition of the HEV drive-line can be written as:

x = Acx+ Beyu + Boyd
y. = Cex (32)
Yb = Cbx

where:

_be 0 1
Ac=| p, _h@ by ] s Bew = l oy _:11
N 2 T2 ]1 h ' Lk

d=fmgCc=]0 1],G=[1 0]

\
\
5= o
| IS
N
o5 ]
o
QU
Il
L —
! o
==
| —
-

Then, applying zero-order hold discretization with a sampling period T; to (32) gives the discrete
state-space model:

x(k+1) = Ax(k) + Byu(k) + Byd(k)

¥e(k) = Cex(k) (33)
¥y (k) = Cpx(k)

where A = e4<Ts, B, = ( OT‘“ eA<TdT) By
The increment form of (33) is as follows:
Ax(k+1) = AAx(k) + B,Au(k)
ye(k) = Cedx(k) +y (k- 1) (34)
Yo (k) = Cox(k) +y, (k— 1)

The predictive output at the k-th instant is defined as:

y.(k+1]k) Aw(k+1lk)

v (k+2[k) Aw(k +2|k)
y(k+1k)=| " - :

v, (k +20[k) Aw(k +20[k)

The optimal control input sequence is defined as:
( )

Aus(k) = | Au(k+2[k) |,
( )
( )

where:
AT, (k +1)

Au(k+ilk) = | AT.(k+i) |,i=0,1,2,34.
ATy (k+ i)
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The iteration form of (34) is:

Ye(k+1[k) = Sextx(k) + Ly, (K) + Scbug (),

where:
C:A 0 e 0 Ax(k)
CA CA --- 0 Ax(k+1)
SC,X = . . . ,AX(k) = . A = IZO><1/
CA CA -+ CA Ax(k + 20)

[ CcBy 0 0 0
CcB, C:By 0 0
CeBy CcBy CeBy 0

Sc,u = CB, C.B, C.By, CcBy

CB, CcB, CcBy, CcB, C.B,

S O O O

CBy. C.B, C:B, C:B, C.B,

The cost function of the model predictive controller is selected the same as that of the data-driven
predictive controller, which is shown in (19.a). The constrained model predictive control law
can also be solved as a quadratic programming problem, where H = 2(SI,T ; TyScu + TITy),
G = —250, T Ty(Re(k 4 1) = SceAx(k) — Iey, (k).

The results of the proposed DDPC method and the traditional MPC method are shown in Figure 7.
To visually demonstrate the advantages of DDPC, the detailed data that can indicate the transition
quality are shown in Table 3. As shown in the table, compared with the MPC method, the DDPC
method can achieve smaller jerk, shorter mode transition duration, shorter clutch slipping duration

and less clutch wear and tear under the same simulation conditions.

Table 3. Cruise simulation results compare between the DDPC method and the MPC method.

Indices DDPC MPC
Jerk Fluctuation Range ~ —9.96-6.76 m/s®>  —82.47-87.92 m/s®
Mode Transition Duration 1.05s 1.24s
Clutch Slipping Duration 0.27 s 05s
Clutch Frictional Losses 8.59] 19.3]
400, 305
250
zoo,,,,,__\ -
2200 g
< Ny £ 10
100 5
0
60 60.5 61 615 62 1186122 6149 61.68
time(s) time(s)
(a) (b)

Figure 7. Cont.
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time(s)
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Figure 7. Comparison between the DDPC method and the MPC method for the torque coordination
control problem during the mode transition dynamic process from the motor-only mode to compound
driving mode: (a) The clutch slip speed Aw; (b) Partially enlarged view of (a); (c) Jerk; (d) The motor
speed w;, and the engine speed we; (e) Partially enlarged view of (d).

5. Conclusions

A new torque coordination control strategy based on the DDPC method has been proposed to
solve the torque coordination problem during the HEV mode transition dynamic process to improve
the mode transition quality. The conflicting control objectives of the mode transition, which are small
jerk and short transition duration, have been simultaneously considered in the optimal objective
function by tracking a properly-selected output reference sequence and limiting the change rates of the
actuators. Cruise simulation results have validated the effectiveness of the proposed DDPC method.
The results compared with the MPC have further shown that the DDPC can achieve higher mode
transition quality, which contributes to the improvement of the riding comfortability and the economy
of HEV greatly.

In this paper, the mode transition dynamic process from the motor-only mode to the compound
driving mode has been taken as an example of the proposed DDPC method. As time goes on, the system
characteristics and the component parameters may change with the long-term aging and the diverse
driving conditions, so the predictive model should be updated using the real vehicle operation data,
which are newly collected online so that the performance of the proposed strategy can be guaranteed
steadily in the long term. The performance monitoring method of the data-driven predictive controller
will be our future work.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (Grant
Numbers 61403236, 51277116, 61304130, 61304033 and 61573218) and the Doctoral Scientific Research Foundation
of Shandong Technology and Business University (Grant Number BS201511).

Author Contributions: Jing Sun carried out the main research tasks and wrote the full manuscript. Guojing Xing
provided important suggestions on the writing of the paper. Chenghui Zhang polished the paper.

Conflicts of Interest: The authors declare no conflicts of interest.



Energies 2017, 10, 441 20 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cairano, S.D.; Bernardini, D.; Bemporad, A.; Kolmanovsky, 1.V. Stochastic MPC with learning for
driver-predictive vehicle control and its application to HEV energy management. IEEE Trans. Control
Syst. Technol. 2014, 3, 1018-1031.

Larsson, V.; Johannesson, L.; Egardt, B. Analytic solutions to the dynamic programming sub-problem in
hybrid vehicle energy management. IEEE Trans. Veh. Technol. 2015, 4, 1458-1467.

Chen, Z.Y,; Xiong, R.; Wang, K.Y,; Jiao, B. Optimal energy management strategy of a plug-in hybrid electric
vehicle based on a particle swarm optimization algorithm. Energies. 2015, 8, 3661-3678.

Tong, Y. Real-time simulation and research on control algorithm of parallel hybrid electric vehicle. Chin. J.
Mech. Eng. 2003, 10, 156-161.

Davis, RL; Lorenz, R.D. Engine torque ripple cancellation with an integrated starter alternator in a hybrid
electric vehicle: Implementation and control. IEEE Trans. Ind. Appl. 2003, 6, 1765-1774.

Li, M.H,; Luo, Y.G;; Yang, D.G; Li, K.Q.; Lian, X.M. A dynamic coordinated control method for parallel
hybrid electric vehicle based on model matching control. Automot. Eng. 2007, 3, 203-207.

Chiang, C.J.; Chen, Y.C,; Lin, C.Y. Fuzzy sliding mode control for smooth mode changes of a parallel hybrid
electric vehicle. In Proceedings of the 2014 IEEE 11th International Conference on Control and Automation,
Taichung, Taiwan, 18-20 June 2014; pp. 1072-1077.

Koprubasi, K.; Westervelt, E.R.; Rizzoni, G. Toward the systematic design of controllers for smooth hybrid
electric vehicle mode changes. In Proceedings of the 2007 American Control Conference, New York, NY,
USA, 11-13 July 2007; pp. 2985-2990.

Minh, V.T; Rashid, A.A. Modeling and model predictive control for hybrid electric vehicles. Int. ].
Autom. Technol. 2012, 3, 477-485.

Beck, R.; Saenger, S.; Richert, F; Bollig, A.; Scholt, T.; Noreikat, K.E.; Abel, D. Model predictive control
of a parallel hybrid vehicle drivetrain. In Proceedings of the 2005 44th IEEE Conference on Decision and
Control, and the European Control Conference, Seville, Spain, 12-15 December 2005; pp. 2670-2675.

Chen, L. Torque coordination control during mode transition for a series-parallel hybrid electric vehicle.
IEEE Trans. Veh. Technol. 2012, 7, 2936-2949.

Sun, J.; Xing, G.J.; Liu, X.D.; Fu, X.L.; Zhang, C.H. A novel torque coordination control strategy of a single-
shaft parallel hybrid electric vehicle based on model predictive control. Math. Probl. Eng. 2015, 1, 1-12.
Guo, L; Ge, A.; Zhang, T.; Yue, Y. AMT shift process control. Trans. Chin. Soc. Agric. Mach. 2003, 2, 1-3.
Xiong, R.; Sun, EC.; Chen, Z; He, HW. A data-driven multi-scale extended Kalman filtering based parameter
and state estimation approach of lithium-ion polymer battery in electric vehicles. Appl. Energy 2014, 1,
463-476.

Sun, EC,; Xiong, R.; He, HW. A systematic state-of-charge estimation framework for multi-cell battery pack
in electric vehicles using bias correction technique. Appl. Energy 2016, 1, 1399-1409.

Kadali, R.; Huang, B.; Rossiter, A. A data driven subspace approach to predictive controller design.
Control Eng. Pract. 2003, 3, 261-278.

Favoreel, W.; Moor, B.D. SPC: Subspace predictive control. In Proceedings of the 1999 14th World Congress,
Beijing, China, 5-9 July 1999; pp. 1-11.

Gao, C.H,; Jian, L.; Liu, X.Y,; Chen, ].M.; Sun, Y.X. Data-driven modeling based on volterra series for
multidimensional blast furnace system. IEEE Trans. Neural Netw. 2011, 12, 2272-2283.

Kusiak, A.; Song, Z.; Zheng, H.Y. Anticipatory control of wind turbines with data-driven predictive models.
IEEE Trans. Energy Convers. 2009, 3, 766-774.

Gil, P; Henriques, ].; Cardoso, A.; Carvalho, P; Dourado, A. Affine neural network-based predictive control
applied to a distributed solar collector field. IEEE Trans. Control Syst. Technol. 2014, 2, 585-596.

Ge, S.S.; Li, Z.].; Yang, H.Y. Data driven adaptive predictive control for holonomic constrained under-actuated
biped robots. IEEE Trans. Control Syst. Technol. 2012, 3, 787-795.

Wahab, N.A.; Katebi, R.; Balderud, J.; Rahmat, M.F. Data-driven adaptive model-based predictive control
with application in wastewater systems. IET Control Theory Appl. 2011, 6, 803-812.

Yin, X.H.; Li, S.Y,; Wu, J.; Li, N.; Cai, W.J; Li, K. Data-driven based predictive controller design for vapor
compression refrigeration cycle systems. In Proceedings of the 2013 9th Asian Control Conference, Istanbul,
Turkey, 23-26 June 2013; pp. 1-6.



Energies 2017, 10, 441 21 of 21

24. Lu, X.H,; Chen, H; Wang, P; Gao, B.Z. Design of a data-driven predictive controller for start-up process of
AMT vehicles. IEEE Trans. Neural Netw. 2011, 12, 2201-2212.

25. Lu, X.H,; Chen, H.; Gao, B.Z.; Zhang, Z.W.; Jin, W.W. Data-driven predictive gearshift control for dual-clutch
transmissions and FPGA implementation. IEEE Trans. Ind. Electron. 2015, 1, 599-610.

26. Zhong, L.S; Yan, Z.; Yang, H.; Qi, Y.P; Zhang, K.P,; Fan, X.P. Predictive control of high-speed train based on
data driven subspace approach. J. China Railw. Soc. 2013, 4, 77-83.

® (© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).



http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	HEV Model in Cruise and Problem Formulation
	Data-Driven Predictive Controller
	Derivation of the Subspace Predictor Equation
	Identification of Subspace Matrices
	Verification of the Subspace Predictor Equation
	Description of the Optimization Problem
	Predictive Output Equation
	Data-Driven Predictive Controller with Constraints

	Results and Discussion
	Data-Driven Predictive Control Method
	Comparison with the Model Predictive Control Method

	Conclusions

