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MPC‑Based Coordinated Control of Gear 
Shifting Process for a Power‑split Hybrid Electric 
Bus with a Clutchless AMT
Tong Liu, Xiaohua Zeng*    and Dafeng Song 

Abstract 

Two-speed clutchless automated manual transmission (AMT) has been widely implemented in electric vehicles for its 
simple structure and low cost. In contrast, due to the complex response characteristics of powertrain, utilizing clutch-
less AMT in a hybrid power system comes with complex coordination control problems. In order to address these 
issues, a power-split hybrid electric bus with two-speed clutchless AMT is studied in this paper, and a coordinated 
control method based on model predictive control (MPC) is used in gear shifting control strategy (GSCS) to improve 
gear shifting quality and reduce system jerk. First, the dynamic model of power sources and other main powertrain 
components including a single planetary gear set and AMT are established on the basis of data-driven and mecha-
nism modeling methods. Second, the GSCS is put forward using the segmented control idea, and the shifting process 
is divided into five phases, including (I) unloading of drive motor, (II) shifting to neutral gear, (III) active speed syn-
chronization by drive motor, (IV) engaging to new gear, and (V) resuming the drive motor’s power, among which the 
phases I and V have evident impact on the system jerk. Then, the MPC-based control method is adopted for these 
phases, and the fast compensation of driving torque is realized by combining the prediction model and quadratic 
programming method. The simulation results show that the proposed GSCS can effectively reduce shift jerk and 
improve driving comfort. This research proposes a coordinated control strategy of two-speed clutchless AMT, which 
can effectively improve the smoothness of gear shifting and provides a reference for the application of two speed 
clutchless AMT in power-split hybrid powertrains.
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1  Introduction
With the aggravation of energy crisis, hybrid electric 
vehicle (HEV) has attracted increasing attention due to 
its high fuel economy and low emission. In various hybrid 
powertrains with different structure forms, the power-
split hybrid system is widely used because the engine is 
decoupled from the vehicle speed and required driving 
torque. Thus, continuous adjustment of the engine speed 
and optimization control of the engine operating point 
are realized [1–3]. Considering the technical level, cost, 

and other factors, the mainstream of the power coupling 
device in power-split HEV is single planetary gear set 
(SPGS), and some dual planetary systems are only vari-
ants of the former. At present, the research on the con-
trol theory of single planetary system is relatively mature 
and has achieved good economic and social benefits. 
However, some problems such as parasitic power after 
mechanical point, high temperature at high speed of 
motor, and weakness of dynamic property in pure elec-
tric mode are present. To overcome these shortcomings, 
automatic mechanical transmission (AMT) can be added 
to the powertrain, and the drive motor transmission 
ratio can be changed in accordance with the power and 
fuel economic requirement to achieve the ideal driving 
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power and economic performance of the vehicle [4, 5]. 
However, adding new components are easy to increase 
the complexity and difficulty of control. Especially during 
gear shifting, the power interruption easily results in sys-
tem jerk and significantly impacts driving comfort.

At present, studies on the shifting process of HEV 
equipped with AMT are abundant. Glielmo et  al. pro-
posed a hierarchical method for different AMT operat-
ing phases based on cascaded and decoupled speed and 
torque control loops [6]. Jo et al. [7] raised a control strat-
egy to reduce the synchronizing torque of synchronizer 
and clutch by controlling the torques and speeds of the 
engine and motor. Xie et al. [8] exploited a control strat-
egy based on pontryagin’s minimum principle to realize 
a predictive controller in a receding horizon mode for a 
plug-in hybrid electric vehicle equipped with an AMT. Li 
et al. [9] proposed coordinated control of the combined 
clutch and the motor and adopted linear quadratic opti-
mal control to optimize the shifting process. This method 
significantly reduced the shift jerk and sliding friction 
work compared with the pure clutch control. These 
methods achieve the optimal control of gear shifting by 
integrated control of clutch and power source. However, 
the control characteristics of clutch are complex, and 
achieving accurate control effect is difficult [10]. In prac-
tical application, substantial experimental work is needed 
to extract control rules, which restrict the application of 
these methods.

Some scholars have proposed clutchless shifting con-
trol methods, considering the control difficulty and 
purchase cost of clutch. Liao and Zhang studied the 
problems of synchronizer wear, clutch wear, and long 
power interruption time in the shifting process of a 
parallel hybrid electric vehicle; they improved the shift 
quality and shortened the shift time by coordinating 
and controlling the engine and motors [11]. Wang pro-
posed a combined control algorithm for engine control 
during shift without the use of clutch by adjusting the 
throttle opening, ignition timing, and fuel injection; 
the simulation results are excellent. Yu et  al. analyzed 
the parameters affecting the gear shifting time, com-
ponent life, and gear shifting jerk in different transient 
states during the shifting process, and then proposed 
a dynamic coordinated control strategy of the motor, 
engine, and actuators [11]. The results show that the 
proposed control strategy can improve the gear shift-
ing quality. Pettersson et  al. proposed a novel idea 
without using clutch to realize gear shifting and extend 
the service life of the clutch. This approach realized 
fast and smooth shift by controlling the torque of the 
engine [12]. Zhong realized the precise control of the 
engine by combining the feed-forward, bang-bang, and 
PID control and proposed a control method based on 

linear quadratic regulator to control the AMT actuator. 
The experiment results show that the coordinated con-
trol algorithm proposed by Zhong can achieve shifting 
control without the use of the clutch. This approach 
improves driving comfort significantly and extends 
the service life of the clutch [13]. The proposed con-
trol method confirms that a good shift effect can be 
achieved through active control of motor and engine 
without clutch. However, their powertrain structures 
are simple, and the control algorithms are difficult to 
apply to more complex powertrains, especially plan-
etary gear system with dual motors, in which, the driv-
ing torque can be compensated by controlling multiple 
power sources to reduce the shift jerk.

The response characteristics of the engine, motor and 
other components of hybrid power system are obviously 
different [14]. Thus, the characteristics of each compo-
nent should be fully understood to achieve good shifting 
control. Model predictive control (MPC) is an effective 
control method and is widely used in hybrid powertrains 
[15, 16]. Zeng et  al. designed a state feedback control-
ler based on MPC theory to eliminate system jerk dur-
ing mode shifting of power-split hybrid electric buses 
(PS-HEBs). The robustness of control effect can be better 
ensured through the online rolling optimization by com-
bining the feedback control and the predictive model [17, 
18]. Qi et  al. developed an economic MPC-based tran-
sient control strategy to further improve the accurate ref-
erence tracking performance of a compound power-split 
system, which achieved a better response, as well as the 
efficiency of the transmission system [19]. The accuracy 
of the control-oriented model and the real-time perfor-
mance should be guaranteed to ensure the control effect 
of the MPC-based dynamic coordination control strategy 
in engineering application [20]. However, few researchers 
apply MPC to shifting control of a clutchless AMT.

For a hybrid powertrain equipped with a clutchless 
transmission, the main factors affecting the system jerk 
during gear shifting are the torque of engine and motor 
[21, 22]. The difference in the response characteristics of 
engine and motor could cause significant torque fluctua-
tions when shifting, especially with high torque. And the 
advantages of fast response and high control accuracy 
of the motor can be fully utilized to compensate torque 
changes in time. At present, researches on the torque 
response characteristics of engine and motor are quite 
sufficient [23, 24]. By establishing the transient torque 
response model of power source, MPC was used to opti-
mize the torque distribution of motor and engine in 
receding horizon, which can effectively suppress the shift 
shock. For clutchless transmission, MPC avoids complex 
modeling and difficulty of online optimization control of 
clutch, showing better robustness and stability [25].
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The PS-HEB equipped with a two-speed clutch-
less AMT is studied and segmented control method is 
applied in the gear shifting control strategy (GSCS) and 
adopts different control methods in different phases. The 
MPC-based coordinated control method is also used to 
compensate for torque variations in the powertrain, and 
the power source torque is coordinated and controlled to 
achieve a smooth shift process. In this study, the torque 
response model of the power system is reasonably sim-
plified under the premise of satisfying the control accu-
racy, and the rolling optimization control in the shifting 
process is realized by quadratic programming (QP) [26]. 
Compared with the existing research, it has the charac-
teristics of less computation and better real-time perfor-
mance [27].

The remainder of the paper is organized as follows: 
Section 2 presents the vehicle architecture and the estab-
lished models of the main components of the powertrain. 
In Section 3, the shifting control problems are analyzed. 
Section  4 presents the MPC-based GSCS and the QP 
solving method. Section 5 validates the GSCS by offline 
simulation. Section 6 concludes this study.

2 � Powertrain Dynamic Modeling and Analysis
The research objects are a PS-HEB equipped with an 
SPGS (shown in Figure  1) and a two-speed clutchless 
AMT. The SPGS is used as power-split device, and the 
engine is connected to the planetary carrier while the 
motor/generator (MG) 1 is connected to the sun gear. 
The power of the SPGS is transmitted to the output shaft 
of the AMT by ring gear. The AMT is used to change the 
speed ratio of the drive motor (MG2) to the output shaft.

2.1 � Engine Model
A single hidden layer back propagation neural network 
(BPNN) with 35 neurons is selected to establish the 
dynamic model of the engine in Ref. [28]. On flat and 

straight roads, the driver controls the pedal to allow the 
vehicle speed to frequently switch between high and 
low, thereby resulting in AMT frequent shift. The engine 
speed, torque, and throttle opening data during the shift 
are recorded as the training sample data of the engine 
neural network model. The expected output of the BPNN 
is engine torque, and the input of which includes engine 
speed and throttle opening data obtained from actual 
driving conditions.

Some other experimental data are collected to verify 
the generalization ability of engine model. The compari-
son between the torque output by the engine model and 
the actual engine torque is shown in Figure  2. Sudden 
change in torque is observed during engine start-up and 
shutdown phases. The torque output by the engine model 
has a slight deviation from the actual torque, but the out-
put can follow actual torque in the remaining time. This 
finding shows that the BPNN model trained from engine 
running data can truly reflect the engine dynamic charac-
teristics and has a good generalization ability.

2.2 � Motor Model
In this section, the parameter identification principle of 
the least square method is adopted to identify the param-
eters of the first-order inertial model and finally obtain 
the dynamic motor model. The corresponding transfer 
function of the continuous system is as follows:

where Tm,req and Tm,act are the act torque and required 
torque of MG, K  represents the scaling factor to be iden-
tified, and T  is the response time constant of the motor to 
be identified. When s ≈ 2

Ts
· 1−Z−1

1+Z−1 and Ts is the sampling 
time, Eq. (1) can be discretized by bilinear transforma-
tion as follows:

(1)Gm(s) =
Tm,act(s)

Tm,req(s)
=

K

T · s + 1
,

Figure 1  Structure of the PS-HEB powertrain Figure 2  Torque response of BPNN engine model
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where α=K/(2T/Ts + 1), β = (1− 2T/Ts)/(2T/Ts + 1).

In the running process, MG is affected by the rotary 
resistance moment, including bearing friction and ven-
tilation resistance. Therefore, the transfer function of 
the motor is not strictly a first-order process, and an 
inevitable steady state error is found between Tm,req and 
Tm,act . Compared with the actual output torque of the 
motor, the rotation resistance moment is small and gen-
erally not considered. An improved parameter identifica-
tion method, which can identify the torque increase and 
torque decrease process and eliminate the adverse influ-
ence of rotation resistance moment on motor parameter 
identification as far as possible, is proposed to establish a 
more accurate motor transfer function model.

In accordance with the operating condition of the 
motor, the corresponding transfer function is selected, 
and the final fitting effect is shown in Figure 3. The figure 
shows that, in the selected working conditions, the first-
order inertia model of the motor can better reflect the 
actual torque output characteristics.

2.3 � Two‑Speed AMT Model
The gear shifting actuator (GSA) uses direct current 
motor (DCM) as the power source, and ball screw or 
worm gear is used to convert the DCM torque into the 
flat power required for gear shifting. Thus, the gear shift-
ing control accuracy is relatively high, and the cost is rel-
atively low. The typical electric controlled AMT gearbox 
with high precision ball screw can achieve rapid and effi-
cient shift. When the GSA receives the shift command, 
the DCM drives the screw and the connected shift fork 
to move in a straight line. When the speed of the input 
shaft synchronizes with the speed of the synchronizer, 
the transmission is shifted into the target gear. The mech-
anism model of the main components of the two-speed 

(2)
Tm,act(t) = α[Tm,req(t)+ Tm,req(t − 1)] − βTm,act(t − 1), AMT gearbox is established in this section, including the 

gear shifting actuator, the synchronizer, the input, and 
output shaft of gearbox.

2.3.1 � GSA Model
The GSA comprises DCM and ball screw, and the DCM 
output shaft is fixedly connected with a ball screw nut. In 
the DCM, the torque balance relationship is as follows:

where Ts_m is the output torque of DCM, Is_m is the sum 
of the inertia of DCM and ball screw, Kf  is the rotational 
damping coefficient of DCM, and Td is the load torque of 
DCM.

The output torque of DCM is proportional to the 
motor current, as follows:

where Km is the motor torque constant.
In accordance with Eqs. (3) and (4), the DCM model is 

built in MATLAB/Simulink.
Then, the ball screw model is established. The driving 

torque on the screw is the load torque ( Td ) on the DCM 
in Eq. (3). According to the principle of ball screw drive, 
the flat power generated by the driving torque on the nut 
is as follows:

where h is the lead of the ball screw.
Considering the friction loss between the nut and the 

screw, on the premise of ignoring the damping force, the 
final output shifting force Fs of the screw nut is obtained 
as follows:

In accordance with this relationship, the ball screw 
model was built, and the DCM and ball screw models 
were integrated to obtain the gear shift actuator model.

2.3.2 � Synchronizer Model
The speed synchronization process of the synchronizer 
is an important link in the shifting process. In most 
articles, the contact reaction force generated between 
the locking ring and the gear ring during the synchro-
nization stage is a constant value, and the resulting 
friction torque, namely, the synchronization torque, 
is a constant value [29, 30]. However, in fact, contact 
reaction force during synchronization is a complex pro-
cess that gradually increases from 0 to shift force [31, 
32]. To reduce the difficulty of modeling, the contact 

(3)Ts_m = Is_m
dωs_m

dt
+ Kf ωs_m + Td ,

(4)Ts_m = KmI ,

(5)Fl =
2π

h
Td ,

(6)Fs = (1− f )Fl .

Figure 3  Dynamic model identification results of MG
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reaction force at the synchronization stage is assumed 
to increase linearly with time from 0, reach the maxi-
mum value after time ts , and remain stable, as shown in 
Figure 4.

The kinetic model of the synchronizer in the synchro-
nization stage is established, as shown in Figure 5.

When the contact reaction force of the synchronizer is 
Ftch , the synchronization torque of the locking ring acting 
on the gear ring is as follows:

where Tsyn1 is the synchronizing torque acting on the gear 
ring of AMT, µs is the friction coefficient of cone surface, 
Rc is the average effective radius of friction of the cone, 
and α is the half cone angle.

2.3.3 � Input Shaft Model
The main function of the AMT input shaft model is to 
calculate the motion state of the input shaft according to 
the internal dynamics and kinematics of AMT. When the 
synchronizer and gear ring are completely engaged, the 
speed of the MG2 input shaft is obtained as follows:

(7)Tsyn1 =
µsFtchRc

sin α
,

where na_in is the speed of the input shaft, ωr is the speed 
of carrier, and ig is the ratio of AMT.

Assuming that the input shaft speed remains unchanged 
during the process of synchronizer separation and re-
engagement, and the input shaft speed in the process of re-
engagement is as follows:

where n0 represents the speed of input shaft before shift-
ing, and td is the duration of gear shifting process, Tm 
is MG2 torque, Ia represents the moment of inertia of 
the AMT equivalent to the input shaft, which can be 
expressed as =:

where Ia is the equivalent moment of inertia of the AMT; 
I1 , I2 , and I3 are moment of inertia of input shaft, inter-
mediate shaft, and output shaft, respectively; i12 is the 
ratio of input shaft to intermediate shaft; i23 is the ratio of 
intermediate shaft to output shaft.

When the gearbox shifts from low-speed gear to high, 
the speed of the high gear on the output shaft is higher 
than that of the synchronizer. The synchronous torque hin-
ders the rotation of MG2 and the input shaft of the gear-
box during the synchronization process. On the contrary, 
during downshifts, the synchronous torque accelerates the 
rotation of MG2 and gearbox input shaft.

2.3.4 � Output Shaft Model
The gearbox output shaft model focuses on the external 
output characteristics of the AMT and is used to calculate 
the output torque. When not shifting, the MG2 torque is 
the output torque of the gearbox after overcoming the 
torque consumed by MG2 inertia and gearbox inertia. In 
the shifting process, the output torque of AMT is Tsyns2 , the 
synchronous torque acting on the output shaft, the same 
magnitude, and opposite direction with Tsyns1.

When not shifting, the torque of the AMT output shaft is 
calculated using Eq. (11).

where, ω̇m denotes the angular acceleration of MG2.
When shifting, the torque of the AMT output shaft is 

calculated as Eq. (12).

(8)na_in = ωr ig ,

(9)na_in = n0 +

∫ td

0

(Tsyn1/ig + Tm)/(Im + Ia)dt,

(10)Ia = I1 +
I2

i12
+

I3

i12i23
,

(11)Ta_out=ig (Tm − (Im + Ia)ω̇m),

(12)Ta_out=ig (Tm − (Im + Ia)ω̇m)+ Tsyn2.

Figure 4  Variation trend of contact reaction force

Figure 5  Dynamic model of synchronizer
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2.3.5 � Model Integration and Validation
The AMT model is obtained by integrating the models 
mentioned above, and the accuracy of the model is fur-
ther verified by simulation. With the driver’s pedals as 
input, partial signals of the vehicle and transmission dur-
ing acceleration are obtained, as shown in Figure 6.

The test results show that the synchronizing torque 
acting on MG2 is 0 prior to shifting. The AMT begins to 
shift from low-speed gear to high-speed gear at 20 s. At 
this time, the MG2 torque changes to 0, the synchroniz-
ing torque acting on the input shaft increases in reverse, 
and the speed of MG2 declines. Meanwhile, the synchro-
nizing torque has a driving effect on the vehicle, and the 
output torque of AMT increases gradually with the syn-
chronizing torque. When the MG2 speed declines to the 
target speed, the synchronizing torque disappears, and 
the input shaft engages with the output shaft to com-
plete the shift. At 25  s, the gearbox starts to shift from 
high-speed gear to low-speed gear, and the synchroniz-
ing torque increases positively. The synchronizing torque 
acting on input shaft is smaller than that of the up-shift 
process due to the larger transmission ratio. Thus, the 
MG2 speed synchronization time is increased. The syn-
chronizing torque is the resistance torque for the driv-
ing wheel during the process, the gearbox outputs the 
negative torque until the end of the upshift process. The 
change in system output torque has insignificant impact 
on the vehicle speed due to the short duration of gear 
shifting.

The simulation results show that the AMT model 
can reflect the internal dynamic relationship and 

external output characteristics of the transmission. Thus, 
the expected design goal is achieved, and the require-
ments of simulation accuracy of the entire powertrain are 
satisfied.

2.4 � Longitudinal Dynamics Model
Ignoring the rotational viscous damping, elastic deforma-
tion of bearing, and meshing deformation of gear, the basic 
dynamic relations of SPGS are shown in Eqs. (13)–(15).

where Tr , Te , and Tg denote the ring torque, engine 
torque, and MG1 torque, respectively; Ir , Ic , and Is repre-
sent the moment of inertia of ring gear, planetary carrier, 
and sun gear, respectively; Ie and Ig are moment of inertia 
of engine and MG1, respectively; ωr , ωe , and ωg are speed 
of ring gear, engine, and MG1, respectively; R and S are 
the radii of the ring gear and sun gear, respectively; F  is 
the internal force of SPGS.

The characteristic parameter (the ratio of ring gear teeth 
to sun gear teeth) of SPGS is defined as kp , as follows:

According to Eqs. (13), (14), and (16), Tr can be 
expressed as follows:

(13)Irω̇r = F · R− Tr ,

(14)(Ie + Ic)ω̇e = Te − F · R− F · S,

(15)(Ig + Is)ω̇g = F · S − Tg ,

(16)kp=
R

S
.

Figure 6  Simulation results of the shifting process of two-speed AMT
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Then, according to the AMT model, the AMT dynamic 
equation can be obtained using Eq. (18), as follows:

The output torques of ring gear and AMT are coupled 
to the drive wheel to overcome vehicle driving resistance. 
If only longitudinal dynamics of the vehicle is considered, 
then the following relationship can be obtained:

where Tf  is the driving resistance of the bus, It is the 
wheel inertia, nt is the number of wheel, M is the vehi-
cle mass, a is longitudinal acceleration, Rt is the wheel 
radius, and i0 is the final drive ratio.

On the basis of this analysis, the longitudinal dynamic 
equation between SPGS and driving wheels can be 
obtained by combining Eqs. (17), (18), and (19), as follows:

3 � Analysis of Shifting Control Problems
The relationship between the speed v of bus and the 
speed ωr of ring gear is combined, and the expression jerk 
of the bus is as follows:

On the basis of Eqs. (17) and (20), the longitudinal jerk 
can be described by the difference of the ring gear angu-
lar acceleration, as follows:

where I ′v = i2g io(Im + Ia)+ Ir io + ntIt/i0 +MR2
t /io, 

I ′g = Is + Ig , I ′g = Is + Ig .

Equation (22) shows that the coefficient of ω̈r is a con-
stant. Thus, ω̈r is only determined by the four terms at the 

(17)Tr=
kp

1+ kp
Te − Irω̇r −

kp

1+ kp
(Ie + Ic)ω̇e.

(18)i2g (Im + Ia)ω̇r = Tmig + Tsyn2 − Ta.

(19)
(

ntIt

Rt
+MRt

)

ω̇rRt

i0
= (Tr + Ta)i0 − Tf ,

(20)

(

kp

1+ kp
Te + Tmig + Tsyn

)

i0 − Tf

=
kp

1+ kp
(Ie + Ic)ω̇ei0 +

[

i2g i
2
0(Im + Ia)+ Ir i

2
0 + ntIt +MR2

t

] ω̇r

i0
.

(21)j =
da

dt
=

ω̈r

Rt
i0.

(22)

ω̈r

[

I ′v
k2p ioI

′
g

+
(1+ 1/kp)

2I ′v
ioIe

+ 1

]

= −
1

kpI ′g
Ṫg +

[

(1+ 1/kp)
2

Ie
+

1

k2pI
′
g

]

Ṫa_out

+
1+ 1/kp

Ie
Ṫe −

[

(1+ 1/kp)
2

ioIe
+

1

k2p ioI
′
g

]

Ṫf ,

right side of Eq. (22). The vehicle is a large-inertia system; 
thus, the shifting process is short, which does not cause 
sudden change in vehicle speed, nor will the driving resist-
ance relate to the vehicle speed. Therefore, the term 
[

(1+1/kp)
2

ioIe
+ 1

k2p ioI
′
g

]

Ṫf  is small and can be ignored, and the 

system jerk mainly depends on the torque of engine, MG1, 
and output shaft of AMT. The output torque of AMT 
depends on MG2 and synchronizer. The control objects are 
engine, MG1, and MG2 because the synchronizing torque 
is controlled by the transmission control unit (TCU).

When the bus is running, the gear changes with the 
demand torque and speed. The gear shifting process is 
divided into five phases, including (I) unload of MG2, (II) 
shift to neutral gear, (III) active speed synchronization 
by MG2, (IV) engage to new gear, and (V) resuming the 
power. Taking hybrid drive mode as an example, the entire 
shifting process is symbolically illustrated.

The control in phase I aimed at reducing the torque of 
MG2 to zero and preparing for AMT to shift to neutral 
gear. In this phase, a coordinated control strategy based on 
MPC was developed to reduce the jerk of the vehicle dur-
ing MG2 unloading. When the torque of MG2 drops to 
0, the actuator acts and shifts to neutral gear. In phase III, 
the AMT remains in neutral gear, and the connection of 
MG2 and driving system is cut off. By controlling MG2, the 
speed of the target gear ring and lock ring of the synchro-
nizer are synchronized to reduce the shift time and extend 
the service life of the synchronizer. When the speed of the 
gear ring is close to the lock ring of the synchronizer, the 
AMT switches to phase IV, the actuator drives the sliding 
sleeve to move, and then shifts to new gear. After shifting, 
in phase V, the MG2 resumes torque output.

The upshift process in the hybrid mode is considered an 
example to study the proposed GSCS due to the same con-
trol method of upshift and downshift. In phases II and IV, 
the vehicle control unit (VCU) only needs to send corre-
sponding actuating signals to TCU, and TCU control the 
GSA to achieve relevant operations. For phase III, MG2 can 
be switched to speed control mode to actively realize speed 
synchronization because it is unconnected to the power 
system and has no impact on the system jerk. Therefore, 
the control problem of phases I and V is mainly studied. 
When the MG2 torque decreases in phase I or increases in 
phase V, engine and MG1 shall rapidly compensate for the 
MG2 torque changes.

4 � MPC‑Based Coordinated Control of Phases I 
and V

In this section, on the basis of the characteristics of 
power system components in Section  2, the prediction 
model of powertrain is established. Then, the optimal 
MG1 torque sequence is obtained by the QP method in 
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phases I and V, and the coordinated control of each com-
ponent is realized on the basis of MPC.

4.1 � Prediction Model of Powertrain
In phases I and V, the synchronous torque is 0. According 
to the longitudinal dynamic model, the state equation of 
SPGS to driving wheel can be obtained, as follows:

where δMa =

[

i2g i
2
0(Im + Ia)+ Ir i

2
0 + ntIt +MR2

t

]

ω̇r/i0 , 
MR2

t  is the inertia moment of the vehicle mass equivalent 
to wheels, 

[

i2g i
2
0(Im + Ia)+ Ir i

2
0 + ntIt

]

 is the inertia 
moment of the transmission system equivalent to wheels, 
and δ is the rotation mass conversion factor.

Considering the engine speed as the state variable, 
the engine torque as the control variable, and the MG2 
torque and the vehicle driving resistance moment as the 
disturbance variables, the system state space equation is 
established, as shown in Eq. (24).

where x = ωe , u = Te , d = Tmig io − δMaRt − Tf  , 
Ac = 0 , Bcu = (Ic + Ie)

−1 , Cc = 1 , 
Bcd =

[

kpi0
1+kp

(Ic + Ie)
]−1

.

The discrete model can be derived by precise discre-
tization method, as shown in Eq. (25).

where A = eAcTs = I , Bu =
∫ Ts

0
eActdt · Bcu = BcuTs, 

Bd =
∫ Ts

0
eActdt · Bcd = BcdTs.

Incremental control is adopted to reduce the steady-
state error. The incremental model is obtained based on 
Eq. (26):

where �x(k) = x(k)− x(k − 1), 
�u(k) = u(k)− u(k − 1), �d(k) = d(k)− d(k − 1).

According to the control principle of MPC, the predic-
tive horizon and control horizon are defined as m and p , 
respectively, thereby confirming that m ≥ p . In addi-
tion, the following assumptions are made: ① Outside the 

(23)

kp

1+ kp
(Ie + Ic)ω̇ei0 =

kpi0

1+ kp
Te + Tmig i0 − δMaRt − Tf ,

(24)
{

ẋ = Acx + Bcuu+ Bcdd,

y = Ccx,

(25)
{

x(k + 1) = Ax(k)+ Buu(k)+ Bdd(k),

yc(k) = Ccx(k),

(26)
{

�x(k + 1) = A�x(k)+ Bu�u(k)+Bd�d(k),

yc(k) = Cc�x(k)+ yc(k − 1),

control domain, the control quantity remains unchanged, 
�u(k + i) = 0 , ( i = m,m+ 1, . . . ); ② δMaRt and Tf  of the 
disturbance quantity �d remain unchanged in the predic-
tion time domain, �d(k + i) = Tmig i0 , ( i = m,m+ 1, . . .).

For assumption ①, the prediction of future system states 
requires control variables of the entire predictive horizon 
when the control horizon is smaller than the predictive 
horizon. For assumption ②, because the duration of the 
shift process is short, the speed change is small, and the 
driving resistance is unchanged significantly. Thus, the dis-
turbance of the system state space equation is only MG2 
torque.

With this assumption, the system output in the predic-
tive horizon is defined as follows:

where yc(k + p|k) represents the prediction of time k + p 
at time k.

The control sequence of the system in the control hori-
zon is as follows:

Then, the prediction equation of the system, which is the 
relationship between system output and system input in 
the prediction horizon, can be derived as follows:

where Sx , I c , Sd , and Su are expressed as follows:

(27)Y c(k + 1|k) =













yc(k + 1|k)

yc(k + 2|k)

...

yc(k + p|k)













,

(28)�U(k) =













�u(k)

�u(k + 1)

...

�u(k +m− 1)













.

(29)
Y c(k + 1|k) = Sx�x(k)+ I cyc(k)+ Sd�d(k)+ Su�U(k),

(30)Sx =

[

CcA
2
∑

i=1

CcA
i · · ·

Np
∑

i=1

CcA
i

]T

,

(31)I c =
[

1 1 · · · 1
]T
,

(32)

Sd =

[

CcBd CcABd + CcBd · · ·

Np
∑

i=1

CcA
i−1Bd

]T

,
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4.2 � QP‑based Optimal Control
Engine speed and torque are considered control targets 
to ensure that SPGS compensates for the change in MG2 
torque, and the influence of abrupt change of engine 
speed on system stability is avoided. The control targets 
of engine speed and MG1 torque are described as follows:

where ωe_tar is the target engine speed sequence during 
phase I.

The engine speed prior to phase I was considered the 
target speed of the engine, that is, Re(k + 1) = Icωe(k) 
due to the short duration of phase I; Tg_tar(k + i) is the 
MG1 target torque at time k + i , which can be obtained 
by combining Eqs. (17) and (18):

where Tdr(k) is the driving torque required by the driver 
for the output shaft of the powertrain at time k. The tar-
get driving torque is also assumed to be the same in the 
control horizon because the shift time is very short, and 
the target torque of MG1 is linearly dependent on the 
torque of MG2.

Considering the system requirements during phases I 
and V, the optimization objective is formed as follows:

(33)

Su =



































CcBu 0 · · · 0
2
�

i=1

CcA
i−1Bu CcBu · · · 0

...
...

. . .
...

m
�

i=1

CcA
i−1Bu

m−1
�

i=1

CcA
i−1Bu · · · CcBu

...
...

. . .
...

p
�

i=1

CcA
i−1Bu

p−1
�

i=1

CcA
i−1Bu · · ·

p−m+1
�

i=1

CcA
i−1Bu



































.

(34)R1(k + 1) =
[

ωe_tar(k + 1),ωe_tar(k + 2), . . . , ωe_tar(k + i), . . . ,ωe_tar(k + p)
]T
,

(35)R2(k + 1) =
[

Te_tar(k + 1),Te_tar(k + 2), . . . , Te_tar(k + i), . . . ,Te_tar(k + p)
]T
,

(36)

Te_tar(k + i)=Tdr
1+ kp

kp
+(Ie + Ic)ω̇e − Tmig

1+ kp

kp
,

(37)min
�U(k)

J (x(k),�U(k),m, p),

(38)J =
∥

∥Q1 · (Y c(k + 1|k)− R1(k + 1))
∥

∥

2
+

∥

∥Q2 · (�U(k)− R2(k + 1))
∥

∥

2
,

where Q1 and Q2 are the weight factors for adjusting 
tracking performance. This optimization problem in Eq. 
(38) is constrained and transformed into a QP problem. 
As shown in Eq. (38), QP solution is conducted to obtain 
the optimal torque sequence of the engine.

The system constraints mainly consist of the peak value 
limitation and the variation rate limitation. First, the maxi-
mum and minimum values of Te are limited by the external 
characteristics of the engine. Second, in accordance with 
these assumptions, the ring gear speed is assumed to main-
tain in the prediction horizon. Tg should be further limited 
according to the battery power limitation to ensure the 
driving performance and to protect the battery. Combined 
with these considerations, the peak torque of MG1 is lim-
ited as follows:

where Tg min and Tg max are the lower and upper limits of 
MG1 torque.

In accordance with the upper and lower limits of engine 
torque ( Temax and Temin ), engine torque constraint can be 
obtained as follows:

The minimum engine torque Temin = 0 and the maxi-
mum engine torque is calculated as:

where Te_ec and Tg_ec are the full-load torque of engine 
and MG1.

On the basis of the established dynamic model of the 
engine, the maximum and minimum values of engine 
torque increment �Te within sampling time Ts are tested 
when engine load increases from 0 step to 100% and 
decreases from 100% step to 0 at different speeds to limit 
engine torque change �Te . The constraints are as follows:

(39)
{

Tg min(k + i) ≤ Tg (k + i) ≤ Tg max(k + i),

i = 0, 1, . . . ,m− 1,

(40)
{

Temin(k + i) ≤ Te(k + i) ≤ Temax(k + i),

i = 0, 1, . . . ,m− 1.

(41)Temax = min
{

Te_ec, (1+ kp)Tg_ec

}

,
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In addition, to prevent the engine speed from exceed-
ing the limit during phase I, the engine idle speed and 
the maximum engine speed are considered the upper 
and lower limits of the engine speed range in the opti-
mization process, respectively, as follows:

Considering all the constraints, the QP optimization 
problem described by Eqs. (37) and (38) can be rewrit-
ten as follows:

where

where, I is a unit matrix, and L is a lower triangular 
matrix in which all the elements are unit matrix.

(42)

{

�Temin(k + i) ≤ �Te(k + i) ≤ �Temax(k + i),

i = 0, 1, . . . ,m− 1.

(43)
{

ωemin(k + i) ≤ ωe(k + i) ≤ ωemax(k + i),

i = 1, 2, . . . , p.

(44)

min
�U(k)

1

2
�U(k)TH�U(k)+G(k + 1

∣

∣k )T�U(k),

s.t., Cu�U(k) ≤ b(k + 1
∣

∣k ),

(45)H = 2(STuQ
T
1Q1Su +QT

2Q2),

(46)G(k + 1
∣

∣k ) = 2STuQ
T
1Q1

(

Sx�x(k)+ Icyc(k)+ Sd�d(k)− R1(k + 1)
)

− 2QT
2Q2R2(k + 1),

(47)Cu =
[

I −I LT −LT STu −STu
]T
,

(48)

b(k + 1
�

�k) =

























































































�Temax(k)

.

.

.

�Temax(k +m− 1)

−�Temin(k)

.

.

.

−�Temin(k +m− 1)

Temax(k)− u(k − 1)

.

.

.

Temax(k +m− 1)− u(k − 1)

u(k − 1)− Temin(k)

.

.

.

u(k − 1)− Temin(k +m− 1)

Ymax(k + 1)− IY (k)− Sx�x(k)− Sx�d(k)

−Ymin(k + 1)+ IY (k)+ Sx�x(k)+ Sx�d(k)

























































































,

where

On the basis of the QP theory, the optimum engine 
torque control sequence can be derived, and the first 
value of �U(k) is selected as the engine torque incre-
ment command at time k . The optimal torque changes 
with the rolling update of the system state until the end 
of phase I or V.

Assuming that the optimal act torque of the engine 
at time k is Te_act(k) , the target torque of MG1 can be 
obtained according to Eqs. (14) and (15):

5 � Simulation and Analysis
To validate the control effect of the proposed MPC-
based GSCS, a PID-based GSCS fully and accurately is 
designed. These strategies are combined with vehicle 
energy management strategy to carry out offline simula-
tion, and the simulation results are analyzed. The vehicle 
simulation model consists of driving cycle, driver model, 
vehicle model, and control strategy, which is a forward 
simulation model. The driver model follows the target 
speed by controlling the accelerator pedal and brake 
pedal. For the PID-based GSCS, the target torque of the 
engine is directly calculated according to Eq. (8). MG1 
adopts PID control method, with the engine speed before 
shifting as the control target, and the torque of MG1 is 
adjusted to ensure that the engine speed is stable. The 
MG1 torque is calculated as:

(49)Ymin(k + 1) =













ωemin(k + 1)

ωemin(k + 2)

...

ωemin(k + p)













,

(50)Ymax(k + 1) =













ωemax(k + 1)

ωemax(k + 2)

...

ωemax(k + p)













.

(51)
Tg (k) =

[

Ie + Ic

1+ kp
+ (1+ kp)(Ig + Is)

]

ω̇e(k)

−
Te_act(k)

1+ kp
− kp(Ig + Is)ω̇r(k).
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where, Kp , Ki , and Kd denote the proportionality coef-
ficient, integration coefficient and difference coefficient 
respectively, and e is the deviation between the actual and 
target engine speed.

The principle of upshift and downshift is the same, and 
only the state changes of the powertrain in the upshift 
process are listed. The simulation results of the two 
GSCSs are compared, as shown in Figures 7, 8, 9, which 
are the speed and torque of power sources and the entire 
powertrain during acceleration. Figure  7 shows that in 
the phase I of the shifting process, the engine torque 
increases with the decrease in MG2 torque to compen-
sate for the change in the MG2 torque. Correspondingly, 
in phase V, the engine torque decreases with the increase 
in MG2 torque. In phases II, III, and IV, AMT has no 
torque output, and the engine torque changes with the 
driving demand torque. Compared with the MPC-based 
GSCS, torque changes of the engine and MG1 under PID-
based GSCS have significant lag, and the MG1 torque has 
a significant oscillation in the early stages of phases I and 
V. Figure 8 shows that under the PID method, the engine 
speed increases by 104  r/min within 1  s. However, the 

(52)















Tg (k) = Kp · e(k)+ Ki

k
�

i=0

e(i)+ Kd[e(k)− e(k − 1)],

e(k) = ωe,tar − ωe(k),

engine speed is stable under the MPC-based GSCS. The 
torque of the two GSCS approaches remained consistent 
because they adopted the same control method for the 
MG2. In phase IV, MG2 adopts larger torque to achieve 
the target speed as soon as possible. For the entire pow-
ertrain, as shown in Figure 9, when the MPC-based GSCS 

Figure 7  Torque of power sources when shifting

Figure 8  Speed of power sources when shifting

Figure 9  Driving torque and system jerk
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is adopted, the torque of the powertrain changes gently 
and closer to the driving demand torque. In addition, the 
maximum jerk of the system is up to 1.2 m/s3. When the 
PID-based GSCS is adopted, the driving torque deviates 
significantly from the driving demand torque and fluctu-
ates violently. The maximum jerk of the system is up to 
3.6 m/s3. Compared with PID-based method, the MPC-
based GSCS can not only ensure the stable torque output 
of power system, but also the stability of engine speed, 
which is significantly better than PID method. Therefore, 
the proposed GSCS can effectively reduce the shift jerk 
and improve the driving comfort.

6 � Conclusions
The characteristics of powertrain are studied, and an 
MPC-based GSCS, which can effectively suppress the 
shift jerk and ensure the stability of the powertrain in 
the shifting process, is proposed, considering the SPGS 
hybrid power system with a clutchless two-speed AMT 
as the research object. The main contributions of this 
study are as follows.

(1)	 The dynamic model of the powertrain is established 
by combining the methods of data-driven mod-
eling and mechanism modeling, considering the 
accuracy and simulation efficiency. On the basis 
of the parameter identification method, the first-
order inertia models of the motors are established, 
thereby combining the increasing and decreas-
ing torque conditions. In addition, the two-speed 
clutchless AMT gearbox mechanism model is 
established on the basis of the analysis of the work-
ing mechanism.

(2)	 A segmented control method combining MPC for 
GSCS is proposed. The MPC-based dynamic coor-
dination control strategy is established in the key 
phases I and V (i.e., the phases when the output 
torque of MG2 gradually decreases and increases), 
and the QP is used to realize the optimal control of 
the engine and MG1. Thus, the powertrain torque 
and engine speed become stable during the gear 
shift. The simulation results verify the effective-
ness of the proposed GSCS. Compared with the 
commonly used PID control strategy, the proposed 
MPC-based GSCS has significant advantages.
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