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Abstract: Torque coordinated control of the relevant power sources has an important impact on
the vehicle dynamics and driving performance during the mode transition of the hybrid electric
vehicles(HEVs). Considering the dynamic impact problem caused by mode transition, this paper,
based upon the structural features of axially paralleled hybrid power system, introduces the bumpless
mode switching control theory to analyze multi-mode transition. Firstly, the state transition process
is abstracted as the state space transition problem of hybrid system. Secondly, the mode transition is
divided into four sub-states, and the state model of each sub-state is established. Thirdly, taking the
cost functions as the optimization objective, the state switching process is solved, and the control
vectors of each switching process are obtained. Simulation and experimental results show that the
proposed control strategy can effectively suppress torque fluctuation, avoid longitudinal acceleration
impact, and improve driving performance.

Keywords: mode transition; clutch engagement; torque coordination control; bumpless mode;
switching control theory

1. Introduction

Faced with the severe situation caused by the dramatic increase in the number of automobiles,
new energy vehicles have attracted great attention of the national government with the advantages
of energy saving, environmental protection and comfort. Hybrid electric vehicles have taken into
account the advantages of electric vehicles and traditional vehicles, so they are favored by domestic and
foreign companies and research institutions [1-3]. The hybrid power system is generally composed of
multiple power sources such as an electric motor and an engine, which are coordinated by clutches or
planetary gears to form a variety of working modes. Transition between different working modes often
leads to sudden changes in torque, resulting in unstable power output and affecting vehicle driving
performance. More and more attention has been paid to how to improve the driving performance
during mode transition while ensuring energy saving and emission reduction [4-6].

During the mode transition, engine ripple torque, engine-to-motor dynamics differences, model
estimation errors, and system parameter uncertainties can cause shock and vibration of the driveline,
which will reduce driving comfort and affect the components lives. For the above mode transition
control problems, currently, the main solutions can be divided into three categories.

The first type is the torque compensation methods, which mainly track and predict the real-time
torque of the engine or the clutch and compensate the engine torque by using the fast response
characteristics of the motor torque. Roy I. Davis [7] established an engine torque observer for the hybrid
vehicle, calculated the engine torque ripple and used the motor torque to offset the torque ripple of the

Energies 2019, 12, 2989; d0i:10.3390/en12152989 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-0337-3905
http://dx.doi.org/10.3390/en12152989
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/15/2989?type=check_update&version=3

Energies 2019, 12, 2989 2 of 20

engine. Hyunsup Kim [8] regarded the torque uncertainty of the engine as an external disturbance and
instructed the motor to compensate after the predicted torque was obtained. Wang Lei [9] used fuzzy
algorithm to estimate the deviation caused by system parameter uncertainty, and then the sliding
mode controller was used to adjust the target torque of the motor. SuYanzhao [10] proposed a dynamic
coordinated control strategy, using an active damping feedback compensation method to obtain better
results. Wang Chen [11] designed a coordinated control strategy to obtain the engine torque and
the motor torque. The simulation and experimental results indicated that the proposed strategy can
effectively improve the driving comfort during mode transition. This type of methods requires accurate
prediction of engine torque or clutch torque, which needs not only good accuracy and real-time
performance of the prediction algorithm, but also high accuracy models of the engine, motor and clutch.
However, many existing methods have different degrees of simplification of the engine model or the
clutch model, without considering the model parameter uncertainty and nonlinear characteristics, or
neglecting the influence of the engine dynamic response characteristics, resulting in great differences
from the practical applications [12-14].

The second type of method achieves smooth transition by accurately acquiring the torque
relationship of each component and coordinating the torque superposition conflict. Hsiu-Ying Hwang
and Jia-Shium Chen [15,16] found that applying both the counter-impact torque provided by the
motor to suppress the transient torque ripple of the engine and damper bypass clutch with the
initial crank angle set to 10 deg can reduce the seat track vibration by more than 70%. He Ren [17]
proposed a fuzzy-proportional-integral mixed control strategy to facilitate a smooth transition from
electric mode to hybrid driving mode. Although those methods can achieve smooth mode transition
to a certain extent, they are not universally applicable and are often limited to a certain kind of
specific structures [18-21].

The third type of method is to introduce advanced control theory or optimization algorithm to
solve the vibration and shock problems in the mode transition process [22-25]. K.V.Vaerenbergh [25]
used the reinforcement learning algorithm to control the engagement process of the wet clutch and
obtained better simulation results. Chen Li [26] proposed a model reference control (MRC) method to
coordinate the motor torque, engine torque, and clutch torque to manage transitions. Wang Shaohua [27]
proposed a model predictive control (MPC) method to solve vibration and shock problems during the
starting and engaging processes of the engine. Simulation results show that the proposed strategy can
effectively suppress the vehicle longitudinal jerk and reduce the clutch wear loss during the mode
transition process. Sun Jing [28] used the data-driven predictive control (DDPC) method to reduce the
jerk and shorten the switching time. The simulation demonstrated that the DDPC method can achieve
better performance compared with the MPC method. In addition to the above research methods,
some scholars have applied system theory to study the mode transition process. K. Koprubasi [29]
divided the mode into different sub-domains and designed corresponding controllers and discussed
the transition control problem of hybrid system. KeremKoprubasi, et al. [30,31] adopt the undisturbed
switching control algorithm to realize the simulation analysis from pure electric mode to hybrid drive
mode and verified the effectiveness of the control algorithm.

However, all above the studies are equipped with ISG or BSG motors that can start the engine
before the mode transition, the coaxial parallel hybrid system studied in this paper is not equipped
with a starter motor, and the engine is directly driven by the traction motor. The mode transition
control with engine start is relatively complicated, and there is little literature on it. It is difficult to
achieve online control of engine transient torque in a shorter clutch engagement process. Therefore,
it is necessary to establish a dynamic cooperative control strategy with engine start and study the
dynamic process of mode transition comprehensively and systematically.

In this paper, the proposed dynamic torque coordinated control strategy based on undisturbed
switching control theory [32,33] is a novel contribution for the HEV dynamic process control during
the mode transition process. This method considers the dynamic response characteristics of the mode
transition and divides the mode switching into three dynamic processes, which is more accurate than the
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traditional torque compensation control strategy. In addition, compared with other intelligent control
algorithms, this method has simple model, low computational complexity and can be implemented
online. This paper focuses on the mode switching process with engine start, and the mode switching
process is divided into four state spaces. Each of the state space is represented by the state equation,
which is established by mathematically characterizing each state before and after mode transition.
Taking the system switching cost function as the optimization object, the switching process in each
state is optimized to obtain the control variables. The simulation and experiment results show that
the designed torque coordinated control strategy can achieve better mode transition performance
compared with the traditional torque compensation control strategy.

The organization of this paper is as follows: Section 2 presents the structure and the powertrain
models of the PHEB. Section 3 describes the optimal control strategy. In Section 4 various simulations
are provided to validate the control law. In Section 5, the effectiveness of the proposed control strategy
is validated by experiments. The concluding remarks are presented in Section 6.

2. Powertrain

Plug-in hybrid electric bus (PHEB) powertrain includes: natural gas engine, clutch, electric motor
and automatic mechanical transmission (AMT), as shown in Figure 1. The engine and the motor are
coaxially connected by a clutch, which can drive the vehicle separately or together. There are five
operating modes for the powertrain: pure electric mode, engine driving mode, hybrid driving mode,
driving charging mode, and braking energy recovery mode. These modes switches between each other
to meat different power requirements in actual operation. The parameters of the PHEB are shown
in Table 1.

Clutch N i

| |
| | |
CNG Engine [T ] Motor awr =
. _

| |

J

Plug-in Battery

= b

Figure 1. Configuration of the PHEV powertrain.

Table 1. Parameters of PHEB.

Items Detail Information
Total vehicle mass 18,000 kg
. CNG, 5.9 L, nominal power: 172 kW,
Engine

Max torque: 678 Nm

Permanent magnet, max torque: 750 Nm,

EM Nominal/peak power: 70 kW/115 kW,
Battery Capacity: 120 Ah, voltage: 336 V
AMT 5-speed, gear ratio: [6.11, 3.66,2.17, 1.42, 1]

Final drive 6.14
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In the following subsection, considering the difficulty of model parameter acquisition and the
requirements of control accuracy, the steady-state model and dynamic correction method are used to
model the main power components.

2.1. Engine Model

Since the engine torque is a function of its speed and throttle opening in steady state, the numerical
model of the engine can be established by means of the engine test data. The engine fuel consumption
characteristics map in Figure 2 is used to obtain the engine torque.
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Figure 2. Engine fuel consumption map.

2.2. Electric Motor Model

The permanent magnet synchronous motor (PMSM) is chosen in this paper. The PMSM model is
also established according to the efficiency characteristic data obtained from the experiment. The torque
of the electric motor is directly obtained through the motor efficiency map in Figure 3.
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Figure 3. Motor efficiency map.

2.3. Transmission System Model

The transmission system consists of a clutch, a transmission, a reducer and a half shaft. The clutch
model has three states: separation, sliding and combination. In the separation state, the transfer torque
is zero; in the combination state, the transfer torque is equal to the motor torque; in the sliding state,
the transfer torque is calculated as follows:

Aw
Tep = 2[JcluRcluAclupclutanh(T> (1)
where p, [Appendix A] is the dynamic friction coefficient, R, [Appendix A] is the effective radius of
the clutch friction disk, A, is the effective area of clutch friction disk, p, is the clutch press, Aw is the

speed difference between main drive and driven plate, ¢ is the speed threshold.
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The half shaft has an important influence on the shock of the vehicle powertrain. Therefore,
the dynamic characteristics of the half shaft are as follows:

Ths = KisOps + bpsAawps )

where Ky [Appendix A] is the stiffness of the half shaft, 0y is the torsional displacement of the half
shaft, by; [Appendix A] is the equivalent damping coefficient of the half shaft, Awy; is the speed
difference between the ends of the half shaft.

The transmission can meet the traction demand of the vehicle under different driving conditions by
changing the transmission ratio. The reducer transfers the torque from the transmission to the driving
wheel, which is similar to the transmission in structure but has a fixed transmission ratio. Therefore,
for simplicity, a total gear ratio is used instead of the transmission and reducer. The relationship
between the transmission speed wj; and the wheel speed wyy is:

WM = ipww 3)
where iy, is the total transmission ratio of the drive system.

2.4. Vehicle Longitudinal Dynamics

The traction acting on the wheel F; can be written as:

. 1 .
Fy = moy, + fymgcosa + EpaCaeroAfva +mgsina 4)

where m is the vehicle mass, g is the gravity acceleration, f; is the rolling resistance coefficient, p, is the
air density, Cyero [Appendix A] is the aerodynamic drag coefficient, A ¥ [Appendix A] is the bus frontal
areas, « is the road angle, vy, is the vehicle speed.

3. Method

3.1. Operation Mode

As shown in Table 2, the two power sources of the coaxial parallel hybrid power system can form
a variety of working modes through the combination of the clutch. During the mode transition process,
the torque and the speed fluctuations of the traction force are often caused by the difference in dynamic
response characteristics between the engine and the motor, resulting in longitudinal impact of vehicles.
Therefore, it is necessary to coordinate the control of mode transition process to reduce the impact and
improve the ride comfort of the vehicle.

Table 2. System working mode.

Mode State of Engine State of Motor State of Clutch
Pure electric Inoperation Drive Separation
Engine driving alone Operation Inoperation Combination
Engine drive and power generation Operation Electricity generation Combination
Hybrid drive Operation Drive Combination
Brake energy recovery Inoperation Electricity generation Separation

Each mode can be considered as a state of the vehicle, and the switching between these states can
be seen as a series of discrete events. In each specific mode, the dynamic subsystem of the vehicle
can be regarded as a relatively independent continuous variable dynamic system. The control of such
hybrid systems can be solved by the bumpless mode switching control shown in Figure 4. In Figure 4,
the upper level strategy acts as the system switch and sends out mode switching orders at a certain time
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according to the control signals (driver’s instructions, speed, power component status, etc.). Different
switches correspond to different modes, and each mode is controlled by the bottom level strategy.

Control signa———» Wwlewl [+

P strategy [T~ 77
Bottom level I
strategy |
Mode 1 ) I
N switch
u instruction #
Mode 2 a2, output
Reference | p Switching || Controlled >
input Mode 3 —ﬁ/—» mode objec
n
¥y °
Moden

Figure 4. Bumpless mode switching control structure.

Referring to the basic ideas of undisturbed switching control, this paper focuses on the transition
from pure electric mode to hybrid drive mode to make the transition process as smooth as possible to
improve the driving performance. Note that the gear position remain unchanged during the mode
transition, namely, the influence of the shifting on the drivability is excluded.

3.2. Hybrid System Switching Model

If the hybrid system has m modes and each mode can be described by a series of state equations,

it can be expressed as:
m
Z - igl Zi (5)

where each } i represents a mode of the system and is given by the six-tuple:
Zi :{Xi/ Pi/ ui/ Fi/ Tl] ’ Sf} (6)

where X; C R" is the finite set of state variables. P; is the finite set of input variables. U; is the finite
set of control variables. F; is the continuous evolution of the mode i, F; : R X X; x U; — R™. T{ is the
switching rule corresponding to the mode i to j switch, le 1 X > X Slj is the switching signal of mode
itoj, S| c X;.

Figure 5 briefly describes the dynamic process of mode transition. In mode i, when the switch
signal S{ is triggered, the mode i starts to switch to the mode j, and the state space X; is transformed
into the state space X; by the switching rule T{ . Where ]Z is the cost function when mode i switches

to mode j to optimize the switching process. Mode transition control seeks a control vector from the
control domain to minimize the cost function.

Figure 5. Hybrid system transition model.

According to the structural characteristics of the coaxial parallel hybrid system, the mode transition
is divided into four states: pure electric drive state, clutch sliding state, clutch synchronization state
and hybrid drive state. The transition process is shown in Figure 6.
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Figure 6. Mode transition from pure electric to hybrid drive.

The state transition condition Sj. is defined as:

S% ={xcC x1llAwgy,| < Awclu_liml
Sg ={xcC x2||Aa)clu| < chluﬁlimz (7)
Sg ={xcC x| Awgy,| < chlu_lim?)

Awey = wpm — wE (8)

where Awgpy, lim1, AWy lim2, Awen 1im3 [Appendix A] are the threshold speed for Aw, in the
corresponding condition, respectively. When Aw,y, is lower than Awy,, jim1, S% is triggered, the clutch
begins to engage; when Aw,y, is lower than Aw.yy jim2, Sg is triggered, the clutch is completely engaged;
when Aw,y, is lower than Awyy, jim3, Sg is triggered, the system enters the hybrid drive mode.

The state variables are chosen as x = [ wg oy ww O ], and the control variables are chosen

asu = [ Te Tm ] Generally, the clutch is the main executive component of the mode transition,
and the clutch was expected to achieve a fast and smooth effect in the transition. Thus, the cost
function are:

1)
Ji(xa) = f 1dt ©)
51

J5(x2) = 011A@py| + ool Awy| (10)
Ja(x3) = 03lAwery| + oalAwyl (11)

1
Awhs = WM — WW (12)

Ity

where 01, 02, 03 and 04 [Appendix A] are respectively the weighting factors.

After the transition is characterized by the model and cost function, the smoothness control
problem in dynamic process can be simplified to minimize the cost function. Minimizing the cost
function | % will ensure the clutch pull up the engine in the shortest time. Minimizing ]g will ensure
that the pre-and post-clutch speeds are fully synchronized. Minimizing ]g can make the downstream
driveline torque steady at the end of the engagement.
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3.3. Control Design

3.3.1. Pure Electric Drive State

When the vehicle is in pure electric mode, the engine is stopped, the motor drives the vehicle
independently, and the clutch is in a disengaged state. In this state, the dynamic characteristics of state
variables can be expressed as:

wg =0

wm = IML,(TM - bmwm - %(Khsehs + bhs(%Q)M - ww)))

(13)
ww = ﬁ(Khsehs + bhs(%wM - CUW) - Caerow%v - Crr)

1
Ops = - 0M — WW

where Iy is the integrated inertia of the PMSM and its fixing mechanism. Iy is the total inertia of the
wheels and the equivalent inertia acting on the wheels Cg, is the air resistance coefficient, C,, is the
rolling resistance, by is the equivalent resistance of the motor output shaft.

When state 1 is switched to state 2, the clutch changes from the disengaged state to the partially
coupled state, and the engine just acts as a load. Therefore, the motor needs to output additional torque
to overcome the frictional resistance torque of the engine in addition to meeting the vehicle torque
demand. So, the control variable can be given directly:

Tg 0
! [ Tm ] [ Tgem + wEbE ] (14)

where Tj,,, is the vehicle demand torque, bg is the equivalent damping of engine output shaft.

3.3.2. Clutch Sliding State

The goal of controlling the sliding state of the clutch is to make the engine speed rise to the target
starting speed rapidly without inducing undesirable vibrations. At the initiation of clutch engagement,
the engine is dragged by the clutch. Since the engine is only used as a load at this phase, it has not
been dynamically coupled with the downstream driveline. So, the dynamic characteristics of state
variables can be expressed as:

WE = i(zﬂcluRcluAcluPclu -tanh(%) - bEwE)

oM = 15 (TM — bewg — by - %(Khsehs + bhs(%wM - ww))>
+2[JcluRcluAclupclu : tanh(ATw) (15)

ww = ﬁ(Khsehs + bhs(%a)M - CUW) - Cueroﬂ)%/\] - Crr)

' _ 1
Ops = 7o 0M — ww

The corresponding state equation is:

Fo=ay-x0+po-ur+y (16)
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- 0 0 0
E/
b b K,
(- (bM+%) K
= M ip, M itr yars
an 0 b t P Ky (17)
T itr v Ty
0 T -1 0
0 0
0 1
= T 18
=y 0 (18)
0 0
I;A,HcluRcluAclupclu : tanh(ATw)
2 Aw
ﬁ#cluRcluAclupclu -tanh( S*
ya=| ™ Carra?,+Cr (&) (19)
Ty
0
When the state space is transferred, the performance index matrix z, can be expressed:
S Awg, | | 1 -1 0 OX_KX
27 Awps | | 7= 0 -1 0P 20)
zp = A | _ KopXp + Kooty + K2)2
Aa)hs
where
1 -1 0 0
— 21
*2 [ Lo -10 ] 1)

According to the Lagrangian optimal solution condition under equality constraints, the control
variable 1, can be obtained as follows:

0
TE Iph I K I K I
= = E’9M E' B E' B E 2
"2 [ Tym ] Ty ww — ( IM’itz: + Ty * )Ghs + m(caeroww + Crr) (22)
Ipr +Ipp ity A
+ EIM,I;?V f '2#cluRcluAclupclutanh(Tm)

In this state, the engine is in a towed state, so its torque is zero.

3.3.3. Clutch Synchronization State

The goal of controlling the clutch synchronization is that the engine speed can quickly match the
motor speed, that is, the clutch driving disc and driven disc speed are quickly consistent and the torque
vibration is minimized. In this phase, the engine torque is gradually coupled with the downstream
driveline along with the clutch engagement, while the driving motor torque is gradually reduced
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to ensure a relatively stable power output during the dynamic coupling process. So, the dynamic
characteristics of state variables can be expressed as:

WE = i (TE —bewg = 2pep ReyAcuPein - lL-anh( £ ))
im = 75(Tv = bmwnt = = (KisOhs + bis £ om - ww)))
+2‘ucluRcluAclupclu : tanh(ATw) (23)

ww = T (Khsehs + bhs( wM — a)W) Caeroa)%v - Crr)

' 1
Ops = 7 0M — WW

The corresponding equation of state is:

Fzs=a3-x3+B3-uz3+ys (24)
where,
_Ib_e 0 0 0
E/
4 b\ b K
s — 0 Tw (bM + ifr ) I iy Iy ier (25)
0 bhs‘ _bli &
IM’lh‘ IW’ IW’
0 : 1 -1 0
AMT
1
E o
O .
—_ Iy (26)
Ps 0 0
0 0
[E%Hclu clu clupclu tanh(Aé_w)
Aw
1 T HetuReiActupen - tanh( S
Vs = M Cuerow +Crr ( ) ) (27)
_IW_,
0
When the state space is transferred, the performance index matrix zz can be expressed:
z [Awd”] oo X3 = K3X
Aws - 0 -1 0
. 28)
23 = Aa-)d” = K3a3x3 + Kk3P3u3 + K3)3
Aa)hs
where,
B 1 -1 0 0 29
BT 0 -1 0 *)
AMT
The optimal control variables u3 can be calculated as follows:
. iy Iy
(bi_]b\i_’bM [IMrlt bhs)aI)M (bEltr_ fM’t b IM/lf’)wW
+ I,i:/i}frl 6 hs + IE/ Tam — ( AF;I,, + 1) : 2‘UcluRclu clupclutanh(T)
TE
M Irb I K s I K Tpr Kys Ipr 2
(B ot 1)
+1 iy “2p e Reny clupclutanh(ATw)
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3.3.4. Hybrid Drive State

When the dynamic coupling process is completed, the vehicle enters into the hybrid drive mode.
In this state, the dynamic characteristics of state variables can be expressed as follows:

WE = IE%(TE + Tm = (bE + bm)wE - %(Khs% + bhs(%wis - ww)))
d)w = ﬁ(khsehs + bhs(it%a)g - ww) - Cagrgw%v - C}’}’) (31)
éhs = %CUE —ww

where [p» is the combined inertia of the engine, the motor, the clutch, the PMSM and the input of
the ATM.

After entering into the hybrid drive mode, the engine and motor are rigidly connected through
the clutch, so the engine speed and the motor speed are the same, and the torque of the engine and the
motor meets the torque requirements of the vehicle.

Tgem = Te+ T (32)

Then, the control variables u4 can be obtained as:

TE Tes
Uy = = 33
* [ TM ] |: Tdem_Tes ] ( )

where T is the engine torque assigned by the upper energy management strategy.

4. Simulation

The proposed control strategy is simulated in MATLAB/Simulink to verify the effectiveness.
The constant torque of the motor is set to be 100 Nm under pure electric mode. When the motor speed
reaches 1200 r/min, the transition starts. After the transition, the engine torque is set to be 100 Nm and
the motor toque is set to be 150 Nm.

The evaluation indices of the mode transition mainly include riding comfortability and rapidity.
Riding comfortability refers to the impact caused by vehicle acceleration in the mode transition. It can
be expressed as the change rate of vehicle acceleration, namely, the vehicle jerk. The smaller the jerk,
the better the riding comfortability.

_ da

T
where ] is the vehicle jerk, a is the vehicle acceleration. According to the criterion of the range of Jerk
formulated by Germany, the range of Jerk should be less than 10 m/s°.

Rapidity is described by the mode transition time. The shorter the transition tine, the better
the rapidity.

The simulation results are shown in Figure 7. In Figure 7c, the ordinate value D refers to the
clutch displacement. It can be seen that the mode transition starts from 3.2 s and ends at 4.15 s with
a duration of 0.95 s. The impact mainly occurs in three stages: clutch engagement stage, the engine
start stage and engine dynamic coupling stage. Among them, the biggest impact occurs in the clutch
initial engagement stage, and the maximum amplitude of the vehicle jerk intensity is 6.96 m/s® at 3.28
s, when the engine speed and torque are both zero, and the maximum torque of the motor is 240 Nm.
The three stages are specifically analyzed as follows:

(34)

(1) Clutch engagement stage The clutch engagement stage includes a slipping phase and
a synchronous phase. The starting point of the sliding phase is the half-joint point of the
clutch, that is, the point where the friction torque is equal to the engine resistance torque.
The point M in Figure 7c is the half-joint point. After that, the engine starts to rotate and gradually
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accelerates, and the engine speed rises with the increase of clutch torque until it reaches the
target speed. As shown in Figure 7a, the engine speed reaches 1180 r/min at 3.76 s. At this time,
the clutch enters into the synchronous phase, the engine speed and the motor speed are nearly
the same, the clutch is locked, and then the motor changes the command torque to reduce the
synchronous phase shock, the clutch synchronization is completed. The point N in Figure 7c is
the clutch synchronization point.

(2) Engine start stage When the engine speed reaches 1200 r/min, the engine executes the start
command. As shown in Figure 7b, the start time is from 3.75 s to 3.95 s. During the engine
startup, the engine ripple torques are uncertain and can be regarded as torque disturbances.
These disturbances caused unexpected vehicle jerks. Although the engine produces an impact
during start-up, its impact strength is smaller than the clutch engagement process.

(3) Engine dynamic coupling stage When the engine is started, the engine and the motor output the
corresponding torque to jointly drive the vehicle according to the upper energy management
strategy. Due to the difference of the dynamic characteristics between the engine and the motor,
the engine can not respond to the torque in time, so the speed of the engine will fluctuate,
thus causing impact. Thanks to the use of torque coordinated control proposed in this paper,
the motor torque would compensate for insufficient engine torque, so the impact is small.
As shown in Figure 7d, the jerk is 5.12 m/s®.

In order to reflect the advantages of the designed control strategy, two other control methods
are introduced for comparison in this paper: traditional torque compensation (TTC) method [17]
and model prediction control (MPC) method [28]. The simulation results are shown in Figures 8 and 9.
For the traditional torque compensation control method, the mode conversion time starts from 3.2 s to
3.95 s, the transition duration is 0.75 s. The whole mode transition process also goes through three
stages. The maximum impact occurs in the sliding stage with the jerk of 14.7 m/s®. For the MPC
method, as shown in Figure 9, the mode transition starts at 3.2 s and ends at 4.62 s. The whole mode
transition process is mainly affected by two major shocks, which are —6.39 m/s® at 3.45 s and —5.42 m/s®
at 4.14 s, during the clutch sliding stage and engine start-up stage, respectively. The specific dates are
shown in Table 3. As shown in the table, compared with the traditional torque compensation method,
the proposed method can achieve smaller jerk, although the mode transition time is a slightly longer.
Compared with the MPC method, the proposed method can achieve shorter mode switching time,
although the vehicle jerk is a slightly higher. Therefore, the coordinated control method developed in
this paper can achieve higher mode transition quality.

Table 3. Simulation results comparison.

Indices Mode Transition Duration(s) The Maximum Jerk(m/s>)
Traditional torque compensation 0.75 14.7
MPC 1.42 -6.39

The proposed control strategy 0.96 —-6.96
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Figure 7. Simulation results of mode transition with the proposed control strategy. (a) speeds of
the engine and motor; (b) torques of the engine and motor; (c) displacement of the clutch (d) jerk of

the driveline.
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5. Experimental Verification

In order to verify the control strategy proposed in this paper, a test bench for a coaxial hybrid
power system is established. The layout of the test bench is shown in Figure 10a and the bench
is shown in Figure 10b. Its main components are: A natural gas engine, a PMSM motor, a clutch
and a five speed gearbox, and also there is a dynamometer to generate a resistive torque, to act as
a load in order to imitate real vehicle running in a road. The natural gas engine, clutch, electric motor,
AMT and dynamometer are connected coaxially, and the battery pack drives the motor through the
motor controller.

ATM i Automatic PMSM CNG
Controller Transmission Motor Engine

Dynamometer 1
° Motor
Batter pack == : Controller
I

Torque meter

n PMSM
EJNG Engma:{ }:[Motor j:l -. Dynamometer

I I
(@) (b)
Figure 10. Layout and physical map of test bench. (a) experimental platform diagram; (b) experimental
platform photo.

In order to achieve fast and reliable verification of the control strategy, the experiment uses
an advanced rapid control prototype method, which uses dSPACE MicroAutobox instead of the
vehicle controller to control the hybrid system. Aiming at the dynamic switching control strategy of
hybrid power with engine starting, two groups of experiments are designed in this paper, which are
the traditional torque compensation control strategy test and the control strategy test proposed in
this paper.

The local working conditions are used to verify the algorithm. During the test, the pure electric
mode is switched to the hybrid drive mode. The constant motor torque is 220 N-m under pure electric
operation. When the motor speed reaches 1200 r/min, the switching starts. The set torque of the engine
after switching is 110 N-m, the motor torque is 160 N-m.

5.1. Motor Torque Compensation Strategy

The experimental results of the motor torque compensation strategy are shown in Figure 11.
Specific implementation steps are adopted in reference [34], that is, no control strategy is applied before
the clutch is combined, and after the clutch is combined, the output torque of the engine is compensated
by the motor. As shown in Figure 11c, the clutch is combined from 17.4 s to 17.8 s, which takes 0.4 s.
In the process of clutch combination, the motor drags the motor while driving the vehicle. Due to the
time difference between the engine starting resistance torque and the motor compensation torque,
the motor speed (Figure 11a) is temporarily pulled down, which is similar to the braking phenomenon.
The ride comfort of the vehicle deteriorates instantaneously and has a great impact. Its maximum
impact is 16.8 m/s®. Due to the large impact amplitude, the driver and passengers of the vehicle will
feel more obvious. It can be seen in Figure 11a that after the clutch is fully combined, the engine speed
reaches the starting speed, that is, the engine starts to ignite at 17.8 s. At this time, the engine starting
torque will cause vibration of the driveline, and subsequent engine torque co-loading can also cause
impact. By 18.4 s, the mode switching completed and the vehicle entered the hybrid drive mode.
The entire mode switching time lasts for 1 s.
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Figure 11. Results of the traditional method. (a) speeds of the engine and motor; (b) torques of the
engine and motor; (c) displacement of the clutch; (d) jerk of the driveline.

It can be seen from the Figure 11d that jerks mainly appear in the clutch-slipping phase and
synchronization phase. It is observed that the conventional method rapidly increases the clutch friction
torque in the slipping phase. The fast increasing torque acts as a large impulse input to the driveline,
thus, impact is excited. Moreover, the friction torque suddenly changes due to the slip-stick transition at
the end of the slipping phase, i.e., at the initiation of the synchronization phase. This change produces
another large impulse input to the driveline, and the impact continues into the synchronization
phase. The result of the experiment illustrates that the traditional torque compensation method is not
effective in reducing the impact during the mode transition, and the jerks would be easily noticed by
the passengers.

5.2. Dynamic Coordinated Control Strategy

The experimental results of the dynamic coordinated control strategy are shown in Figure 12.
As shown in Figure 12a, there is an instantaneous pull-down and pull-up trend of the motor speed
during the mode switching, but from the whole mode switching process, the overall amplitude
is much lower than that of the conventional motor torque compensation strategy. As shown in
Figure 12d, the impact of the switching process is controlled within 10 m/s?, which meets the ride
comfort requirements of the vehicle. Similar to the simulation results, the impact mainly occurs in three
stages: clutch engagement stage, the engine start stage and engine dynamic coupling stage. Among
them, the biggest impact occurs in the clutch initial engagement stage, and the maximum amplitude of
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the vehicle jerk intensity is —8.9 m/s at 17.56 s. The entire mode switching time starts from 17.44 s and
ends at 18.64 s, which lasts for 1.2 s.
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Figure 12. Results of the proposed method. (a) speeds of the engine and motor; (b) torques of the
engine and motor; (c) displacement of the clutch (d) jerk of the driveline.

In the clutch engagement stage, the clutch is combined from 17.45 s and synchronized to 17.92 s.
The point P in Figure 12c is the half-joint point, where the clutch friction torque is equal to the engine
resistance torque. After that, the engine speed accelerates from 0 to the set starting speed 1200 r/min
(Figure 12a). The maximum amplitude of the jerk is —8.9 m/s? in this stage. In the engine start
stage, the start time is from 17.9 s to 18.3 s. When the engine speed reaches 1200 r/min, it starts to
ignite. The ripple torque generated during engine ignition causes impact on driveline. The maximum
amplitude of the jerk is 5.6m/s® in this stage, which is smaller than the clutch engagement stage. In the
engine dynamic coupling stage, the maximum amplitude of the jerk is 3.8 m/s?, which is the smallest
among the three stages. The time of this stage begins at 18.3 s and ends at 18.64 s.

Table 4 is a comparison of the mode conversion time and the maximum jerk produced by the
two experimental strategies. From Table 4, it can be seen that the dynamic coordinated control
strategy proposed in this paper is much better than the motor torque compensation strategy in terms
of maximum jerk. It plays an important role in improving the impact of vehicles, and the jerk is
reduced by almost half. For the proposed method, due to precise coordinated control of individual
actuator, the impulse input to the driveline is a relative small, causing a slight jerk. Although the
duration of mode transition is prolonged, the fluctuation of the driving torque is reduced apparently.
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Therefore, the mode transition performance for the proposed method is much better than that of the
traditional method.

Table 4. Experiment results comparison.

Indices Mode Transition Duration(s) The Maximum Jerk(m/s3)
Torque compensation control strategy 1 16.8
Dynamic coordinated control strategy 1.2 —-8.9

6. Conclusions

The state switching theory of hybrid system is introduced to solve the dynamic impact problem,
which is caused by the intervention of engine torque when the hybrid system is switched from the
pure electric mode to the hybrid driving mode. Firstly, the state transition process of hybrid power
system is abstracted as the state space transition problem of hybrid system, then the mode transition
is divided into four sub-states, and the state model of each sub-state is established. Secondly, taking
the cost functions as the optimization objective, the state switching process is solved, and the control
vectors of each switching process are obtained. Thirdly, taking the riding comfortability and rapidity as
the evaluation indices, the proposed control strategy and other two commonly used control strategies
are simulated in the Matlab/Simulink. The simulation results verified the effectiveness of the proposed
control strategy. Finally, the advantage of control strategy is further verified by bench test, which can
achieve higher mode transition quality.

Since the coaxial parallel hybrid bus powertrain has various working modes, it is found that the
impact problem of the transition from the pure electric drive to the hybrid drive is more prominent,
and the process is accompanied by state changes of the clutch, the motor and the engine, so only the
one-way transition is studied, the reverse transition and other mode transitions are not considered
in this paper. Systematically solving the problems of transition will be the main content of the
further research.

Author Contributions: This paper is the results of the hard work of all of the authors. Y.Y. and Y.Z. conceived and
designed the proposed method. Y.Y.and J.T. conceived and analyzed the data; S.Z. and S.H. contributed to the
reviewing of the document, and Y.Y.wrote the paper. All authors gave advice for the manuscript.

Funding: This research received no external funding

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

Appendix A

Simulation and experiment parameters

Table Al. Fundamental parameters.

fr 0.01 01 0.7
Pa 1.2 kg/m3 ) 0.3
Caero 0.65 03 0.6
Af 6.73 m? 0y 0.4
Kis 6200 Nm/rad Awepy 1im1 1200 r/min
bys 50 Nm/rad Awepy 1im2 180 r/min
Hely 0.25 Awgyy 1im3 20 r/min
Roy 0.081m
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