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Abstract: - Hybrid electric buses have been a promising technology to improve fuel economy and vehicle 

drivability. Due to the distinct transient response characteristics between different power sources and the 

discontinuity of the transmitted clutch torque, the output torque fluctuations of hybrid powertrains and the 

resulting vehicle jerks may occur during mode transitions, especially for the transition from the EV (electric 

vehicle) mode to the HEV (hybrid electric vehicle) mode. Aiming at achieving a smooth transition from the EV 

mode to the HEV mode for a series-parallel hybrid electric bus, this paper proposes a transient control strategy 

to coordinate the diesel engine and the motors during the transition process. The EV/HEV mode-transition 

control strategy is developed according to the operating status of the clutch, and the engine throttle is restricted 

during the transition process. In this control strategy, a fuzzy adaptive inference system is developed to estimate 

the difference between the actual and target engine torques. Then, the estimated torque difference is 

incorporated with a sliding mode controller to regulate the output torques of the integrated starter generator 

(ISG)and the traction motor (TM) to reduce the torque fluctuations in the powertrain. A simulation is performed 

using a forward-facing HEV model to validate the effectiveness of the proposed control strategy, and the results 

show significant reductions in torque fluctuations and vehicle jerks during the EV/HEV mode transition. 

 

 

Key-words: - series-parallel hybrid electric bus; EV/HEV mode transition; transient response; fuzzy adaptive 

sliding mode control; coordinated control 

 

1 Introduction 
Increasingly stringent requirements on the fuel 

consumption and emissions for vehicles have 

spurred the development of vehicles with hybrid 

powertrains, especially for heavy-duty vehicles with 

high fuel consumption, such as city buses [1,2,3]. 

Hybrid electric vehicle (HEV) technology offers the 

potential for reducing fuel consumption and 

improving passenger comfort as it can coordinate the 

overall hybrid powertrain to improve fuel efficiency 

and vehicle drivability [1,2]. By bringing together an 

electrical propulsion system with a conventional 

internal combustion engine (ICE) propulsion system, 

a series-parallel HEV can select electric vehicle (EV) 

mode during low-speed driving and can select 

hybrid electric vehicle (HEV) mode during 

high-speed and accelerating driving to lower fuel 

consumption and emissions while satisfying the 

power demand. During the transition process from 

the EV mode to the HEV mode, the clutch should be 

engaged, and the engine should be started and 

coupled to the drivetrain. However, the transmitted 

torque of the clutch is discontinuous and changes 

sharply, and the transient response characteristics of 

the engine and the motor are distinct [4-8]. Thus, the 

output torque fluctuations of the hybrid powertrain 

and vehicle drivability deterioration may occur in 

the transient process of EV/HEV mode transition. 

Therefore, the coordinated control of the hybrid 

powertrain to reduce the output torque fluctuations 

and to achieve a smooth mode transition is an 

important subject concerning the series-parallel HEV 

control issues. 

Thus far, only a few research studies have been 

proposed to address the problem of mode transitions 

of HEVs. The algorithms, which have been utilised 

for the coordinated control of hybrid powertrains 

during mode transitions, include the model 

predictive control approach, the on-board engine 

torque estimation approach, and the disturbance 

compensation approach [4-14]. The coordinated 

control strategy using the model predictive control 

approach [9-12] dealt with the problem of mode 

transition from electric launch to parallel hybrid 

operation for a parallel HEV. In this strategy, the 

dynamic behaviour of the HEV was described by a 
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simplified model, and the transition process from the 

EV mode to the HEV mode was divided into the 

engine start phase, the clutch engagement phase, and 

the parallel hybrid phase. The target torques of the 

engine and the motor during the engine start and the 

clutch engagement phases were determined using the 

optimal control theory. While during the parallel 

hybrid phase, the control actions were given by the 

core energy management strategy. The research 

result demonstrated that a seamless transition could 

be achieved. However, the main drawback of this 

approach is that it does not take into account the 

transient response characteristics of the engine and 

the motor. For a turbocharged diesel engine, the 

response time for the target torque is much longer 

than that of a motor. The coordinated control 

strategy using the on-board engine torque estimation 

approach [6-8] was based on the dynamic 

characteristics of both the engine and the motor. In 

this strategy, an engine torque observer was built 

based on the mean value engine model approach or 

the instantaneous crankshaft speed approach to give 

a prediction of the dynamic engine torque, and then, 

the motor torque was regulated to compensate for 

the disparity between the actual and target engine 

torques during mode transitions. The main problem 

with this approach is that the coordinated control 

performance during mode transitions completely 

depends on the predictive accuracy of the dynamic 

engine torque. The coordinated control strategy 

using the disturbance compensation approach [14] 

considered the disturbances in the engine and the 

clutch. The disturbances were estimated by using a 

disturbance observer, which is based on the state 

equations of the drivetrain. Then, the estimated 

disturbances were compensated for by the 

belt-driven starter generator (BSG) or the traction 

motor control. Thus, the estimation accuracy of the 

disturbances directly influenced the control accuracy 

of the mode transition. Moreover, in this strategy, 

the engine did not output power until the last phase 

of the mode transition, which is not conducive to the 

reduction of the vehicle response time.  

This paper proposes a coordinated control strategy 

based on the fuzzy adaptive sliding mode control for 

a series-parallel hybrid electric bus to achieve a 

smooth transition from the EV mode to the HEV 

mode. In this study, the transient response 

characteristics of the engine and the motor as well as 

the friction-introduced discontinuity of the clutch 

torque are taken into account. The EV/HEV 

mode-transition control strategy is developed 

according to the operating status of the clutch, and 

the engine throttle is restricted during the transition 

process to suppress the engine’s transient operation 

and fuel enrichment [7,8,13]. A fuzzy adaptive 

inference system is developed to estimate the 

difference between the actual and desired engine 

torques. Then, the estimated torque difference is 

incorporated with a sliding mode controller to 

regulate the output torques of the integrated starter 

generator (ISG) and the traction motor (TM) to 

reduce the torque fluctuations of the powertrain. A 

simulation is performed using a forward-facing HEV 

model, and the results presented validate the 

effectiveness of the proposed control strategy. 

 
 

2 Hybrid system architecture 
The architecture of the powertrain of the 

series-parallel hybrid electric bus considered here is 

shown in Fig.1, and the basic parameters of the 

vehicle are listed in Table 1.  
 

Table 1.  Main specifications of the vehicle 

Item Value 

Curb/Gross weight (kg) 12200/17000 

Wheel base (m) 5.8 

Tire rolling radius (m) 0.508 

Frontal area (m
2
) 7.5 

Aerodynamic drag coefficient 0.62 

 

 
Fig. 1 Schematic of the hybrid system architecture 

 

As is shown in Fig. 1, the powertrain of the HEV 

consists of a 6-cylinder turbocharged diesel engine, 

an ISG motor, a TM, a torque coupler, and an 

electronically controlled clutch. The engine is 

directly connected to the rotor of the ISG, then to the 

input shaft of the clutch. The TM is attached to the 

output shaft of the clutch and is coupled to the shaft 

via the torque coupler at a constant gear ratio. The 

clutch serves as a configuration switch component to 

form either an electric vehicle configuration or a 

hybrid electric vehicle configuration. In the EV 

mode, the clutch is disengaged, and the vehicle is 

driven by the TM alone with the electric energy from 

the battery, while in the HEV mode, the clutch is 
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engaged, and the vehicle is driven by the TM and the 

engine simultaneously. The vehicle control unit 

(VCU) is utilised to determine the most appropriate 

drive mode and the most fuel-efficient power split 

between the power sources. Meanwhile, the 

coordinated control for the EV/HEV mode transition 

is implemented by the VCU. 

 

 

3 HEV simulation model 
A forward-facing model of the hybrid bus is built in 

MATLAB/Simulink to simulate the behaviour of the 

vehicle and to validate the effectiveness of the 

coordinated control strategy proposed hereafter. This 

model includes the hybrid vehicle components, a 

driver, and the driving environment and is built on 

the basis of the energy flow given in Fig. 1. Details 

of the HEV model will be discussed in the following 

sections. 

 

 

3.1 Turbocharged diesel engine model 
The engine model in a forward-facing HEV 

simulation model recreates the characteristics of the 

engine, such as the fuel consumption and output 

torque. In this study, a mean value engine model is 

utilised for the transient operation of the selected 

turbocharged diesel engine. The time scale for a 

mean value engine model is on the order of 3 to 5 

revolutions. Thus, such model is fast enough to give 

an accurate prediction of the overall dynamic engine 

operation [15]. The mean value engine model 

consists of a series of sub-systems. Such 

sub-systems include the compressor, the turbine, the 

intake manifold, the exhaust manifold, the 

intercooler, and the engine itself. The air flow and 

the temperature dynamics in the intake and exhaust 

manifolds are described by first-order differential 

equations based on the energy- and 

mass-conservation, and the pressure is deduced from 

the ideal gas law. Moreover, the volumetric and 

thermal efficiencies of the model are described by 

the characteristic maps based on the experimental 

results. Detailed descriptions of the mean value 

model for a four-stroke diesel engine are available in 

[15-17]. 

 

 

3.2 Electric machine model 
Both the ISG and the TM utilised in the hybrid bus 

can operate in motor and generator modes. The 

simulation model of the electric machines in this 

study is used to calculate the actual output torque 

Mm,act and the desired current at the motor link Im 

based on the torque command Mreq,m, the motor link 

voltage Vm, and the revolution speed of the rotor ωm.  

The behaviours of the electric machines are 

described by the characteristic maps based on the 

experimental data, which include the maximum and 

continuous torques as a function of speed, as well as 

a two-quadrant efficiency map as a function of speed 

and output torque. Like the engine, the required 

output torque Mreq,m of the motor are also determined 

by the VCU. A response time rm is introduced to 

simulate the dynamic process for the motor to build 

up the full torque. Furthermore, the torque delivered 

by the motor should be limited by the maximum 

operating power Pmax. Detailed calculation processes 

for Pmax are available in [1,2,18]. Then, the actual 

operating torque Mm,act that the motor can deliver is 

max
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1
min( , )
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where ηm is the electric motor operating efficiency 

interpolated from the efficiency map. 

 

 

3.3 Clutch model 
The clutch model here is used to calculate the 

transmitted torque under various operating statuses. 

The engagement and disengagement processes of the 

clutch consist of three statuses: the unlocked status, 

the slipping status, and the locked status [1,2,18,19].  

The operating status of the clutch is determined by 

the normalised clutch release displacement Dn and 

the relative speed of the clutch ωrel. For the unlocked 

status (when Dn=1), no torque is transmitted by the 

clutch. For the slipping status (when Dn<1 and ωrel≠
0), the transmitted torque of the clutch Mcl can be 

calculated as follows [1,2,19]: 

( )

[ ( ) ] ( )

G

st cncl sl sl cl cl rel

rel cl

st slM e r F N sign

ω

µ µ
µ µ µ ω

−
= + − ⋅ ⋅ ⋅ ⋅ ⋅ (3) 

For the locked status (when Rn<1 and ωrel=0), the 

range of Mcl can be given by the following equation:  

[ ]cl st cn st cncl cl cl clM r F N r F Nµ µ= − ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  (4) 

where µsl is the slip friction coefficient of the clutch; 

µst is the static friction coefficient of the clutch; Gcl is 

the friction gradient; rcl is the effective friction 
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radius; Ncl is the number of the friction surface; Fcn 

is the normal force on the clutch plate and is exerted 

by the diaphragm spring. 

The engagement and disengagement of the 

clutch are achieved by a pneumatic actuator in this 

study. A schematic of the pneumatic actuator of the 

clutch is shown in Fig. 2. The actuator is controlled 

by the VCU via the two on-off valves. Because the 

clutch should be engaged during the EV/HEV mode 

transition, only the engagement process of the clutch 

is analysed here. To engage the clutch, valve 1 

should be turned off, while valve 2 should be turned 

on. The clutch release displacement D can be 

calculated as follows [20,21]: 

0 0

2

2

' 1

( )
( ) ( )

out

i

cl cl a c

RTmdp p dD p

dt D D dt A D D p

d D dD
m c P A F PA

dt dt

γ
γγγ −

= − − −



+ = + −

   (5) 

where p and pi are the instantaneous pressure and the 

initial pressure of the cylinder, respectively. mcl and 

ccl are the equivalent mass and the damping 

coefficient of the clutch release bearing, respectively. 

γ is the adiabatic coefficient of the air; T is the 

temperature of the air; R is the ideal gas constant; A 

is the cross-sectional area of the piston; D0 is the 

maximum deformation on the small end of the 

diaphragm spring; pa is the atmospheric pressure; Fc 

is the force exerted by the diaphragm spring. m’out is 

the mass flow rate of the air and can be calculated by 

the following equation [20,21]: 
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where Av is the cross-sectional area of valve 2. 

 

 
Fig. 2 Schematic of the pneumatic actuator 

 

 

3.4 Longitudinal dynamic model 
A simplified longitudinal dynamic model of the 

target hybrid bus is shown in Fig. 3. In this figure, 

Jwh_veh is the total inertia of the wheels and the 

effective vehicle inertia acting on the wheels; JTM is 

the inertia of the TM; Jen_isg is the total inertia of the 

engine and the ISG; Jc and J0 are the inertias of the 

TM reducer and the final drive, respectively; Jcl_in 

and Jcl_out are the inertias of the drive side and the 

driven side of the clutch, respectively; θ1, θ2, and θ3 

are the angular displacements of the input shaft of 

the clutch, the output shaft of the clutch, and the 

wheel, respectively; bTM is the motor friction 

coefficient; ben_isg is the total internal friction 

coefficient of the engine and the ISG; kda and bda are 

the equivalent stiffness and the damping coefficient 

of the drive axle; ic and i0 are the gear ratios of the 

TM reducer and the final drive, respectively.  

 

 
Fig. 3 Longitudinal dynamic model of the HEV 

 

Considering the operating status of the clutch, the 

longitudinal dynamic equations for the hybrid bus 

can be expressed as follows. 

1) For the unlocked status of the clutch, 
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2) For the slipping status of the clutch, 
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3) For the locked status of the clutch, 
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(9) 

where Men, Misg, MTM, and Mcl are the engine torque, 

the ISG torque, the TM torque, and the clutch torque, 

respectively; ML is the load torque. Due to the strong 
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nonlinear attributions of the tires, it is very difficult 

to build a perfect model to predict the dynamic 

performance of the tires. Some studies on the control 

of longitudinal dynamics [22-24] have been 

implemented while ignoring the wheel slip, and the 

effectiveness of those methods has been validated by 

experiments. Therefore, the vehicle velocity v can be 

defined as: 

3 rv rθ= ⋅ɺ                (10) 

where rr is the tire rolling radius. 

Additionally, models for the driver and battery are 

included in the HEV simulation model. A PID 

controller is used to simulate the driver, and an 

equivalent circuit model for the battery is adopted 

[25,26]. The Chinese Transit Bus Drive Cycle 

(CTBDC) is used to represent the most frequent 

drive conditions of the bus.  

 

 

4 Coordinated control strategy 

development 
To reduce fuel consumption and emissions, the 

hybrid bus is driven in the EV mode for low-speed 

driving conditions, and the hybrid bus is driven in 

the HEV mode for high-speed or accelerating 

driving conditions. The threshold velocity for the 

EV/HEV mode transition and the target torques of 

the engine, the ISG, and the TM during the mode 

transition are determined by the energy management 

strategy (EMS) in the VCU. In this study, a real-time 

suboptimal EMS is used [27], and the coordinated 

control strategy for the EV/HEV mode transition is 

developed on the basis of the predefined EMS. 

Because the energy management strategy 

disregards the transient response characteristics of 

the power sources and the discontinuity of the clutch 

torque [33-35], the output torque fluctuations and the 

resulting vehicle jerks would occur if the vehicle 

control actions are directly given by the EMS during 

the EV/HEV mode transition. Consequently, a 

coordinated control is required to achieve a smooth 

transition. In this study, the response time for the 

target torque of the turbocharged diesel engine is on 

the order of 1 to 3 seconds, while the torque 

response times of the ISG and the TM are several 

milliseconds. Thus, the difference between the actual 

and target engine torques is regarded as a 

disturbance to the drivetrain, and the output torques 

of the ISG and the TM are regulated to reduce the 

torque fluctuations of the powertrain. 

Due to the robustness against external 

disturbances and parameter variations, sliding mode 

control has been gaining popularity in automotive 

applications. However, the major drawback of this 

method is the chattering problem. One approach to 

reducing the chattering involves introducing a 

boundary layer around the switching surface and 

using a continuous control within the boundary layer 

[28,29,32]. In this study, a fixed-boundary-layer 

sliding mode controller (SMC) using a sat function 

is designed for the coordinated control of the hybrid 

powertrain during the EV/HEV mode transition. If 

the external disturbances are large, a high switching 

gain with a thicker boundary layer is required to 

reduce the resulting higher chattering effect. 

However, increasing the boundary layer thickness 

would reduce the feedback system to a system 

without the sliding mode [29,32]. Thus, in this study, 

a fuzzy adaptive inference system is developed to 

estimate the system disturbances. The overall 

coordinated control system scheme is shown in Fig. 

4. In this figure, Men_tar, MTM_tar, Misg_tar, and Rcl_tar 

are the target engine torque, the target TM torque, 

the target ISG torque, and the clutch command from 

the EMS, respectively; Men_cmd, MTM_cmd, Misg_cmd, and 

Rcl_cmd are the engine torque command, the TM 

torque command, the ISG torque command, and the 

clutch command from the coordinated control 

strategy, respectively. The coordinated control 

strategy for the EV/HEV mode transition is 

developed according to the operating status of the 

clutch. Details of the coordinated control strategy 

will be presented in the following sections. 

 

Fig. 4 Overall scheme of the coordinated control 

system 

 

 

4.1 Control strategy when the clutch is 

unlocked 
When the HEV is driven in the EV mode, the clutch 

is disengaged. During the transient process of the 
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EV/HEV mode transition, the clutch should initially 

be kept unlocked for engine cranking and speed 

synchronisation. In this phase, the engine is sped up 

to the ignition speed by the ISG with the maximum 

torque, and then, the coordinated control is utilised 

to regulate the ISG torque so that the engine speed is 

synchronised with the post-clutch speed.  

During the synchronisation phase and because the 

clutch is unlocked, the TM torque command is 

directly given by the target torque from the EMS. To 

suppress the engine’s transient operation and fuel 

enrichment, the engine throttle is restricted during 

the transition process, and the difference between the 

actual and target engine torques d is regarded as a 

disturbance to the drivetrain. The engine torque 

command during the coordinated control is given by 

Fig. 5. The ISG torque command is given by the 

overall control law of the fixed-boundary-layer 

sliding mode controller to ensure that the pre- and 

post-clutch speeds are synchronised. Therefore, the 

commands from the coordinated control strategy in 

this phase can be expressed as: 

_ _

_ _

_ 1

_ ( .5)

TM cmd TM tar

cl cmd cl tar

isg cmd

en cmd

M M

R R

M u

M seeFig

=


=


=



            (11) 

where u1 is the overall control law of the sliding 

mode controller. According to Eq. 7, the longitudinal 

dynamic equation for the input shaft of the clutch 

can be rewritten as: 

1 1 1

min max

_ __ _( )en isg en isgcl in en cmdJ J b M d u

where d d d

θ θ+ + = + +
≤ ≤

ɺɺ ɺ
   (12) 

 

 
Fig. 5 Schematic of the engine torque command 

 

To achieve the control objective, the overall 

control law of the SMC is determined by [28-32]: 

1 1 1eq ru u u= +                (13) 

where ueq1 is the equivalent control law, and ur1 is the 

reaching control law. To ensure that the pre- and post 

-clutch speeds are approaching synchronisation, let 

21dθ θ=ɺ ɺ be the desired trajectory. The synchronisation 

error e1 can be defined as: 

1 1 1de θ θ= −ɺ ɺ                 (14) 

Then, the sliding surface s1 can be defined as: 

1 1 1 1 1 1
0

( ) ( ) ( )
t

d ds t dtθ θ λ θ θ= − + −∫ɺ ɺ ɺ ɺ       (15) 

where λ1 is a positive constant. When the 

closed-loop system is in the sliding mode, it 

satisfies
1( ) 0s t =ɺ , and the equivalent control law can 

be obtained using Eq. 16 according to Eq. 12: 

1 1 1 1 1_ __ _
ˆ ( )( )eq den isg en isgen cmd cl inu b d M J J eθ θ λ= − − + + −ɺ ɺɺ (16) 

where d̂ is the estimated value of d. In this study, a 
sat function is employed in the reaching control law 

to reduce the chattering. The sat function is defined 

as: 

1
1 1

11 1 1

1
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if s t
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ρ
ρρ

 <
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       (17) 

where ρ1 is the boundary layer thickness. Hence, the 

complete sliding mode control can be expressed as: 

1 1 1

1 1 1

_ __ _ 1
ˆ ( )( )

( )
en isg en isgen cmd cl in du b d M J J e

sat s

θ θ λ
η

= − − + + −
−

ɺ ɺɺ
(18) 

To approximate the disturbance d, a fuzzy adaptive 

inference system is utilised to estimate this 

parameter. For the fuzzy system, a TSK 

(Takagi-Sugeno-Kang) fuzzy inference engine is 

employed. The input linguistic variables of the fuzzy 

system are s1 and 1sɺ , and a typical rule is as:  

R
m
(t): IF s1(t) is 1

mA and 1( )s tɺ is
2
mA , THEN y

m
(t) 

is ˆ
mK . 

where m=1,2,…,N is the index of the rule; m
iA  

denotes the fuzzy sets assigned to the input variables; 
ˆ

mK denotes the fuzzy singletons assigned to the 

output y
m
(t) and is estimated by the adaptive law. 

Therefore, the disturbance d can be estimated by 

1 1 1 1
ˆ ˆ( ( ), ( )) ( ( ( ), ( ))) ( ( ), ( ))

T
d s t s t s t s t s t s t= Κ ⋅Γɺ ɺ ɺ     (19) 

where 1 2
ˆ ˆ ˆ ˆ[ , ,..., ]TNK K K K= . 

1 2[ , ,..., ]TNΓ= Γ Γ Γ , and iΓ  
can be calculated by 

1 2

1 2
1

( ) ( )

( ( ) ( ))

i i

i N
i i

i

A s A s

A s A s
=

∧
Γ =

∧∑

ɺ

ɺ

          (20) 

where
1 ( )
iA s and 2 ( )

iA sɺ are the membership functions 

of s and sɺ , respectively. 
The stability of the system (Eq. 12) with the 

control law (Eq. 18) is proved as follows. Define the 

following Lyapunov function: 

Time (s) 

T
o
rq
u
e 
(N
m
) 1s Ten_tar 
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2 * *

1

1 1 ˆ ˆ( ) ( )
2 2

TV s K K K K= + − ⋅ −      (21) 

where K
*
 is the optimal value of the adjustable 

parameter vector. The time-derivative of V is 

* *

1 1
ˆ ˆ( ) ( )

T
V s s K K K K= ⋅ + − ⋅ −ɺɺ ɺɺ       (22) 

By considering K
*
 to be a constant, we can 

obtain * 0K =ɺ . From Eq. 12 and Eq. 18, Eq. 22 can be 

rewritten as: 

_ 1 _ 1 *

1 1 1

_ _

*1
1 1

_ _

ˆ ˆ( ) ( )

ˆ ˆ ˆ( ( )) ( )

en cmd en isg

d

en isg cl in

en isg cl in

T

T

M u d b
V s e K K K

J J

s
d d sat s K K K

J J

θ
θ λ

η

+ + −
= − + + − ⋅

+

= − − + − ⋅
+

ɺ
ɺɺɺɺ

ɺ

(23) 

The minimum approximation error and the bound of 

the estimated parameter are defined as: 

*

max min

ˆ
d

d

d d
d dε

∆ = −
 = −

            (24) 

where ∆d and εd are the minimum approximation 

error and the bound of the estimated parameter, 

respectively; *d̂ is the optimal estimate of d. 

Therefore, we can obtain: 

* *1
1 1

_ _

ˆ ˆ ˆ( ( ) ( ) ) ( )d

en isg cl in

T Ts
V sat s K K K K K

J J
η=− +∆ + − ⋅Γ + − ⋅

+
ɺɺ (25) 

Let * *1

_ _

ˆ ˆ ˆ( ) ( ) 0
en isg cl in

T Ts
K K K K K

J J
− ⋅ − − ⋅Γ=

+
ɺ

in Eq. 25. 

Then, the adaptive law of the adjustable parameter 

vector is 

1

_ _

ˆ

en isg cl in

s
K

J J
= Γ

+
ɺ

            (26) 

When
1 1( )s t ρ≥ , according to Eq. 17, Eq. 25, and Eq. 

26, we can obtain: 

1
1 1

_ _

1

1

_ _

1

1

_ _

( sgn( ) )

( )

( )

d

en isg cl in

d

en isg cl in

d

en isg cl in

s
V s

J J

s

J J

s

J J

η

η

η ε

= − +∆
+

≤ − − ∆
+

≤ − −
+

ɺ

      (27) 

Let 1 dη ε≥ , then
1 1 1
; 0V k s k≤− ≥ɺ . Using the sliding 

mode theory [28,32], it can be concluded that the 

reaching condition ( ) ( ) 0s t s t⋅ <ɺ is satisfied and all the 

trajectories outside the boundary layer are attracted 

toward the boundary. It means that the system is 

stable and the error 
1 12e ρ≤  when

1 1( )s t ρ< . 

 

 

4.2 Control strategy when the clutch is 

slipping 
When the synchronisation error is less than 30 rpm, 

the clutch starts to be engaged and operates in the 

slipping status. The control objective in this phase is 

to ensure that the pre- and post-clutch speeds are 

fully synchronised. Therefore, the ISG torque 

command is also given by the overall control law of 

the sliding mode controller to ensure the pre- and 

post-clutch speeds synchronization. Because the 

clutch is slipping, the clutch friction torque is 

introduced to the drivetrain. The friction torque can 

be estimated by using the measured pressure. The 

difference between the actual and target engine 

torques is regarded as a disturbance to the drivetrain. 

Thus, the longitudinal dynamic equation for the 

input shaft of the clutch can be rewritten as: 

1 1 2_ __ _( )en isg en isgcl in en cmd clJ J b M d u Mθ θ+ + = + + −ɺɺ ɺ (28) 

Meanwhile, the TM torque should be regulated to 

compensate for the clutch friction torque to avoid 

abrupt torque changes in the drivetrain. Thus, the 

commands from the coordinated control strategy in 

this phase can be expressed as: 

_ _

_ _

_ 2

_

1

( .5)

TM cmd TM tar cl

cl cmd cl tar

isg cmd

en cmd

c

M M M
i

R R

M u

M seeFig

 = −

 =
 =



       (29) 

The tracking error e2 and the sliding surface s2 of 

the SMC in this phase are defined as: 

2 1 1 1 2

2 1 1 2 1 1
0

;

( ) ( ) ( )

d d
t

d d

e

s t dt

θ θ θ θ
θ θ λ θ θ

 = − =
 = − + − ∫

ɺ ɺ ɺ ɺ

ɺ ɺ ɺ ɺ
     (30) 

where λ2 is a positive constant. According to Eq. 28 

and Eq. 30, the complete sliding mode control can 

be expressed as: 

2 1 1 2 2

2 2 2

_ __ _
ˆ ( )( )

( )
den isg en isgcl en cmd cl inu M b d M J J e

sat s

θ θ λ
η

= + − − + + −
−

ɺ ɺɺ
(31) 

The derivation of the adaptive law and the proof 

of the stability of the system are similar to those in 

Section 4.1. Here, the adaptive law of the adjustable 

parameter vector is 

2

_ _

ˆ

en isg cl in

s
K

J J
= Γ

+
ɺ

            (32) 

 

 

4.3 Control strategy when the clutch is locked 
When the clutch is completely engaged, the 
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upstream and downstream parts of the clutch are 

locked together and spin at the same speed; 

meanwhile, the vehicle is driven by the three power 

sources simultaneously. In this phase, the control 

objective is to reduce vehicle jerk while satisfying 

the driver’s torque request. Therefore, a reference 

model is utilised to provide the desired reference 

trajectory for the sliding mode controller. The 

dynamic equation of the reference model is 

2 2
_0 2_ _2

0

_ 2 2 3 2 3

0 0 0 0

3 2 3 2 3_

0 0

1
( ) (

1 1 1 1
) ( ) ( ) ( )

1 1
( ) ( )

c c en isg cTM TMrcl out cl in

en isg Dr r r r rda da

Lr r r r rwh veh da da

i J J J J J J i b
i

b k b M
i i i i

J k b M
i i

θ

θ θ θ θ θ α

θ θ θ θ θ


+ + + + + + +




+ − + − =

 = − + − −


ɺɺ

ɺ ɺ ɺ

ɺɺ ɺ ɺ

(33) 

where α is the accelerator/brake pedal position; MD 

is the driver’s torque request;
2rθɺ and

3rθɺ are the 

engine and wheel speeds of the reference model. For 

the coordinated control in this phase, the ISG torque 

command is directly given by the target torque from 

the EMS, and the TM torque command is given by 

the overall control law of the SMC to achieve the 

control objective. Thus, the commands from the 

coordinated control strategy in this phase can be 

expressed as: 

    

_ 3

_ _

_ _

_ ( .5)

TM cmd

cl cmd cl tar

isg cmd isg tar

en cmd

M u

R R

M M

M seeFig

=


=


=



         (34) 

The difference between the actual and target 

engine torques is regarded as a disturbance to the 

drivetrain. According to Eq. 9 and Eq. 34, we have 

2
_3 2 2 2 3_

0 0

2 3 3 _ _

0 0

1 1
( ) ( 1)( )

1 1
( 1)( )

eq c en isgTMwh veh da

cLda en cmd isg cmd

J J i b b k
i i

b M i u M M d
i i

θ θ θ θ θ

θ θ

+ + + + − −

+ − − + = + + +

ɺɺ ɺɺ ɺ

ɺ ɺ

  (35) 

where 2
_0_ _2

0

1
eq c c en isgTM cl out cl inJ i J J J J J J

i
= + + + + + .  

The tracking error e3 and the sliding surface s3 of 

the SMC in this phase are defined as: 

3 3 3 3 3

3 3 3 3 3 3
0

;

( ) ( ) ( )

d d r
t

d d

e

s t dt

θ θ θ θ
θ θ λ θ θ

 = − =
 = − + − ∫

ɺ ɺ ɺ ɺ

ɺ ɺ ɺ ɺ
     (36) 

where λ3 is a positive constant. According to Eq. 35 

and Eq. 36, the complete sliding mode control can 

be expressed as: 

2
_3 2 2 2 3

0 0

2 3 3 3_ 3 _

0 0

_ _ 3 3 3

1 1 1
( ( ) ( 1)( )

1 1
( 1)( )

ˆ) ( )

eq c en isgTM da

c

Lda wh veh d wh veh

en cmd isg cmd

u J i b b k
i i i

b M J J e
i i

M M d sat s

θ θ θ θ

θ θ θ λ

η

= + + + − −

+ − − + + −

− − − −

ɺɺ ɺ

ɺ ɺ ɺɺ (37) 

The derivation of the adaptive law and the proof 

of the stability of the system are similar to those in 

Section 4.1. Here, the adaptive law of the adjustable 

parameter vector is 

3

_

ˆ

wh vel

s
K

J
= Γɺ

              (38) 

 

 

5 Simulation results and analysis 
The proposed coordinated control strategy for the 

hybrid bus during the EV/HEV mode transition is 

tested by simulation over the CTBDC cycle to 

validate its effectiveness. In the simulation, a stretch 

of the CTBDC cycle is taken into account, and the 

EV/HEV mode transition occurs at 224.72 s, as 

shown in Fig. 6. The coordinated control is 

completed when _ _ 10TM cmd TM cmdM M− ≤ . 

 

 
Fig. 6 A selected stretch of the CTBDC cycle 

 

The simulation results without the coordinated 

control are shown in Fig. 7, and the simulation 

results with the proposed coordinated control 

strategy are shown in Fig. 8. 
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Fig. 7 Simulation results without the coordinated 

control 
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Fig. 8 Simulation results with the proposed 

coordinated control strategy 

 

As is shown in Fig. 7, the control actions, which 

are directly given by the EMS, result in poor 

drivability during the transition from the EV mode to 

the HEV mode. The EMS is developed based on the 

static efficiency maps of the engine and the motors 

[33-35], and the transient characteristics of the 

power sources and the clutch are not considered. 

During the mode transition, the engine is sped up to 

800 rpm by the ISG. Then, the engine is started and 

the clutch is engaged (at 225.08 s). Because of the 

torque response lag, the engine cannot output the 

target torque from the EMS, and the driver’s torque 

request cannot be satisfied without coordinated 

control. Therefore, the engine speed and the vehicle 

acceleration drop sharply, and a significantly 
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negative jerk (-4.2 m/s
3
) occurs, as shown in Fig. 

7(a), Fig. 7(b), and Fig. 7(c). When the clutch is 

locked (at 225.53 s), the transmitted torque of the 

clutch changes from negative to positive; thus, the 

output shaft speed and the vehicle acceleration 

increase sharply, and a significantly positive jerk 

(3.8 m/s
3
) occurs. Fig. 7(d) demonstrates that the 

velocity trajectory of the CTBDC cycle cannot be 

tracked during the transition without the coordinated 

control.  

As is shown in Fig. 8, the simulation results 

demonstrate that the improvements in torque 

fluctuations and vehicle jerks during the EV/HEV 

mode transition can be achieved using the proposed 

coordinated control strategy. After the engine is 

started, the ISG is regulated by the coordinated 

control to synchronise the engine speed with the 

post-clutch speed. Meanwhile, the TM torque is 

regulated to compensate for the clutch friction 

torque to avoid abrupt torque changes in the 

drivetrain; thus, the driver’s torque request can be 

satisfied. As is shown in Fig. 8(a), the engine speed 

increases while tracking the post-clutch speed. As is 

shown in Fig. 8(b), there is little error between the 

actual and desired accelerations, and the fluctuations 

in the vehicle acceleration are mostly suppressed. 

When the clutch is locked (at 225.55 s), the 

maximum vehicle jerk is reduced to 1.2 m/s
3
 with 

the proposed coordinated control, as shown in Fig. 

8(c). When _ _ 10TM cmd TM cmdM M− ≤ , the coordinated 

control is completed. The duration for the 

coordinated control is 1.88 s (224.72 s-226.6 s). 

After the coordinated control is completed, the 

control actions are given by the EMS, and the 

maximum vehicle jerk is less than 0.5 m/s
3
. Fig. 8(d) 

demonstrates that the velocity trajectory of the 

CTBDC cycle can be tracked during the transition. It 

can be concluded that a smooth mode transition can 

be achieved using the proposed coordinated control 

strategy. 

 
 

6 Conclusion 
A coordinated control strategy based on the fuzzy 

adaptive sliding mode control was developed for a 

series-parallel hybrid electric bus to achieve a 

smooth transition from the EV mode to the HEV 

mode. The transient response characteristics of the 

engine and the motor as well as the 

friction-introduced discontinuity of the clutch torque 

were taken into account. A fuzzy adaptive inference 

system was developed to estimate the difference 

between the actual and desired engine torques. Then, 

the estimated torque difference was incorporated 

with a fixed-boundary-layer sliding mode controller 

to regulate the output torques of the ISG and the TM. 

The ISG torque was regulated for the pre- and 

post-clutch speeds synchronisation, and the TM 

torque was regulated to reduce the torque 

fluctuations of the powertrain. The proposed 

coordinated control strategy was developed 

according to the operating status of the clutch, and 

the engine throttle was restricted during the 

transition process to suppress engine’s transient 

operation and fuel enrichment. When the difference 

between the target TM torque from the EMS and the 

TM torque command from the coordinated control 

strategy was less than 10 Nm, the coordinated 

control was completed. The proposed coordinated 

control strategy was implemented and tested in a 

forward-facing HEV model over the CTBDC cycle. 

The simulation results showed that the torque 

fluctuations and vehicle jerks during the EV/HEV 

mode transition can be reduced using the 

coordinated control strategy, and the CTBDC cycle 

can be tracked during the transition.  
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