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Abstract
As a vital vehicle part, the powertrain system is undergoing a fast transition towards electrification. The new integrated 
electric drive system has been widely used, especially for passenger cars. In this work, a novel electric dual motor transmis-
sion is proposed for heavy commercial vehicles. The transmission scheme is firstly introduced, which can achieve 9 different 
operating modes including 5 single motor modes and 4 dual motor modes. Then, the mode shift map with minimum energy 
consumption is designed based on the motor efficiency map and the proposed energy management strategy. The driving power 
is appropriately distributed between the two motors in dual motor modes under the condition of minimum power consump-
tion. In addition, a coordinated control strategy is developed for mode shift control without power interruption. The results 
show that the electric dual motor transmission has advantages in power consumption and power shift ability compared with 
the conventional single motor automated manual transmission.

Keywords Dual motor transmission · Operating mode · Mode shift map · Mode shift control · Torque distribution · 
Coordinated control

Abbreviations
AMT  Automated manual transmission
C-WTVC  Adapted world transient vehicle cycle
eDMT  Electric dual motor transmission
EM  Electric motor
EMS  Energy management strategy
EV  Electric vehicle
MOP  Mechanical oil pump
PGP  Parallel gear pair
PTO  Power take-off

1 Introduction

The powertrain system plays a key role in the transition pro-
cess of vehicle electrification. For passenger cars, it is not 
necessary to have a complex multi-speed transmission like 
traditional vehicles using the internal combustion engine 
(ICE) because the electric motor (EM) can provide maxi-
mum torque from zero speed and has a wide high-efficiency 
range [1]. Compared with the fixed-ratio reduction gear used 
widely in electric vehicles (EVs), a 2-speed transmission can 
improve the overall efficiency and dynamic performance of 
EVs [2–4]. Thus, the 2-speed electric transmissions for pas-
senger cars have been developed and entered the EV market.

Following the footsteps of passenger cars, commercial 
vehicles have opened the door to electrification. Due to the 
complex operating conditions of heavy commercial EVs, 
multi-speed transmissions are still required. For example, 
trucks require large output torque off-road but high speed 
on road. The multi-speed transmission is thus mandatory. 
There are two types of electric drive, namely centralized 
drive and distributed drive [5]. The centralized drive has a 
mechanical differential that distributes torque evenly to the 
two-side wheels. The distributed drive means that the torque 
and speed of each wheel can be independently controlled by 
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an EM. Since it is difficult to install a transmission for each 
EM of the distributed drive, the centralized drive is currently 
the main driving form of heavy commercial EVs.

Automated manual transmission (AMT) is widely applied 
in EV transmissions for commercial vehicles owing to its 
high efficiency [6]. However, the torque will be interrupted 
during the shifting process of AMT. Many researchers 
have conducted in-depth studies on the control methods 
to improve the shift quality [7–14]. Tseng et al. [15, 16] 
adopted AMT in an EV and proposed a gear-shifting con-
trol strategy including speed synchronization control and 
motion control of shift actuator. Gao et al. [17] used feed-
forward and feed-back controls for the clutch and the motor 
to achieve a smooth shift without torque holes. Mo et al. [18, 
19] developed a novel synchronizer “Harpoon-Shift” as an 
alternative to the traditional cone clutch synchronizer aim-
ing at improving comfort and efficiency. A shifting control 
method based on a special step function was proposed to 
improve shift comfort of AMT. Roozegar et al. [20] investi-
gated the gear shifting of a multi-speed transmission for EVs 
with optimum performance under functional constraints. 
Three polynomials were proposed as transition functions 
of the angular velocities. Chen et al. [21] built a hybrid 
automaton model of the gear-shifting process in the clutch-
less coupled system using multi-body dynamics and hybrid 
system theories. By actively controlling the motor torque 
and shifting force, the clutchless coupled system could offer 
a better shift quality than systems with clutches. Wang et al. 
[22] proposed a position and force switching control scheme 
for gear engagement of AMT. The position controller was 
designed using the sliding mode control method. Simula-
tion and test results showed that gear-shifting quality was 
improved, and gear-shifting shock was reduced greatly. In 
short, although the active speed regulation of the EM can 
shorten the shifting time, the AMT-based electric drive sys-
tem cannot solve the problem of torque interruption in the 
shifting process.

The dual motor transmission has the power shift capabil-
ity by maintaining one EM always in gear in the shifting 
process. Additionally, it can achieve a better operating effi-
ciency along driving cycles by appropriate torque distribu-
tion and high torque utilization of the EM when using two 
downsized EMs to replace one EM with large power. There-
fore, it is currently a research hotspot of the electric drive 
system. Wu et al. [23] compared the energy efficiency of 
dual motor transmission with that of single motor transmis-
sion. Results showed the advantages of dual motor transmis-
sion in overall efficiency along driving cycles. Based on the 
efficiency maps of two EMs, an energy management strategy 
(EMS) was developed for dual input power-split transmis-
sion [24] and dual input AMT [25]. Several driving cycles 
have been used to verify the effectiveness of the proposed 
EMS and demonstrate the improvement of energy efficiency 

using two motors. In addition, energy management strategies 
were also used in hybrid vehicles [26]. Sorniotti et al. [27] 
presented a novel clutchless seamless 4-speed transmission 
driven by two EMs. Compared with the single-speed and 
2-speed transmission, it has better performance in terms of 
energy consumption and vehicle acceleration. Carlo et al. 
[28] combined two EMs through a planetary gear train, 
which makes EMs more efficient than a single motor. Zhang 
et al. [5, 29–31] proposed a new mode switching control 
method based on a dual motor centralized and distributed 
coupling drive system, which can reduce the mode switch-
ing shock. Thus, EV dynamic performance can be improved. 
Liang et al. [32, 33] investigated the power shift capability 
of a dual motor AMT on EVs. The proposed shift control 
strategy took advantage of the dual motor transmission 
scheme, which greatly improved shift comfort. The above 
studies have clarified that dual motor transmission shows 
great potential in improving energy efficiency and power 
shift capability. However, they are mainly concentrated on 
passenger cars. There is still no research on dual motor trans-
missions for heavy commercial EVs.

The main contribution of this work is that a novel elec-
tric dual motor transmission (eDMT) is developed for heavy 
commercial vehicles. Based on the motor efficiency map, an 
EMS is proposed to determine the optimal mode and power 
distribution between the two EMs with minimal energy con-
sumption. During the mode-shifting process, two EMs are 
coordinated and controlled to achieve a smooth shift with-
out torque interruption. Overall, the novel eDMT aims to 
reduce energy consumption and eliminate shift interruption, 
thereby improving the energy efficiency and drivability of 
heavy commercial EVs.

The remaining sections of this paper are organized as fol-
lows. Section 2 introduces the scheme and operating modes 
of eDMT. In Sect. 3, the developed EMS and the mode shift 
map are discussed. Section 4 proposes the coordinated con-
trol strategy for mode shift control. Section 5 presents a case 
study and the corresponding simulation results. Finally, the 
conclusions are presented in Sect. 6.

2  Transmission Scheme of eDMT

Figure 1 presents the transmission scheme of eDMT, which 
adopts a modular design concept. It consists of two motors, 
namely EM1 and EM2. The mechanical oil pump (MOP) 
and power take-off (PTO) unit are driven by EM2 or EM1. 
Two shifting elements, A and CU, are dog clutches. They 
are actuated by a single shift drum with two forks, which is 
driven by a small actuator motor. The auxiliary gearbox is 
designed for torque amplification and is suitable for heavy-
duty vehicles of 90,000 kg. For heavy vehicles of 31,000 kg, 
no auxiliary gearbox is required.
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Figure 2 shows the operating modes of eDMT. There are 
9 operating modes, including 5 single motor modes and 4 
dual motor modes. Among them, mode M0 and M0.5 are 
specially designed for PTO output. In mode M0, the vehicle 
stops, and EM2 drives PTO to work. In mode M0.5, EM1 
drives the vehicle to run slowly, and EM2 drives the PTO 
to work.

From mode M1 to mode M4, the gear ratio decreases 
and the single motor mode and dual motor mode appear 
alternately. The maximum output torque is obtained in mode 
M1 while the vehicle top speed is achieved in mode M4. It 
is apparent from the mode shift map (Fig. 3) that the eDMT 
offers a power shift capability because the single motor 
mode can be a transient transition mode during the mode 

shift. There is always one EM providing traction force to 
the wheels in the shifting process. For example, clutches A 
and CU are in the left position in mode M1. Both EMs drive 
the wheels through the 1st parallel gear pair (PGP). From 
mode M1 to mode M2, EM1 continuously drives the wheels 
through the 1st PGP. EM2 is shifted from the 1st PGP to the 
2nd PGP by moving the dog clutch CU from the left posi-
tion to the right position. The model M1.5 can be a transient 
transition mode during mode shift from M1 to M2, which 
can also be used as a steady single motor mode.

3  Energy Management Strategy and Mode 
Shift Map

3.1  Energy Management Strategy

To minimize the energy consumption of eDMT, a rule-based 
EMS is proposed to design the mode shift map. Since the 
eDMT has two EMs, another task of the EMS is to deter-
mine the power distribution between both EMs in dual motor 
modes.

For a specific vehicle operating point (Tvehicle, vvehicle) in 
the driving mode, the consumed power can be calculated 
as follows:

where Pdischarge is the discharging power from the battery, 
kW; TEM1 and TEM2 are the torque of EM1 and EM2, respec-
tively, and the units are N·m; ωEM1 and ωEM2 are the angu-
lar velocity of EM1 and EM2, respectively, rpm; ηEM1 and 

(1)Pdischarge =
TEM1 ⋅ �EM1

�EM1(TEM1,�EM1)
+

TEM2 ⋅ �EM2

�EM2(TEM2,�EM2)

Fig. 1  The transmission scheme of eDMT

Fig. 2  The operating modes of eDMT

Fig. 3  The mode shift map of the eDMT with minimum energy con-
sumption
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ηEM2 are the operating point efficiency of EM1 and EM2, 
respectively.

Considering regenerative braking, EM1 and EM2 work as 
generators. The total charging power is expressed as follows:

where Pcharge is the charging power to the battery, kW. In 
Eqs. (1) and (2), the angular velocity of both EMs is depend-
ent on the vehicle speed and the gear ratio of the operating 
mode, which is defined by the following equation:

where vvehicle is the vehicle speed, km/h; rW is the dynamic 
tire radius, m; iEM1 and iEM2 refer to the gear ratios of corre-
sponding operating modes. In single motor modes, the gear 
ratio of the non-operating EM is equal to 0.

The vehicle torque demand or regenerative braking torque 
can be satisfied by both EMs in different operating modes, 
which imposes a constraint on the output torque of the two 
EMs by the following equation:

where Tvehicle denotes the torque demand or regenera-
tive braking torque, N·m; η1 and η2 refer to the efficiency 
between EM and transmission output; ηFD is the efficiency 
of final drive; iFD is the ratio of the final drive.

The objective of the proposed EMS is to minimize the dis-
charging power or maximize the charging power for a specific 
vehicle operating point (Tvehicle, vvehicle). Equations (1)–(3) indi-
cate that there are 4 independent variables, namely iEM1, iEM2, 
TEM1, and TEM2, among which the values of iEM1 and iEM2 are 
determined by operating modes of eDMT. The values of TEM1 
and TEM2 are determined directly when the operating mode is a 
single motor mode. Otherwise, they will be globally traversed 
and compared to find the optimal values in the dual motor 
mode. It is assumed that PTO does not output torque. There-
fore, the objective function can be expressed as minimum 
Pdischarge(iEM1, iEM2, TEM1, TEM2) or maximum Pcharge(iEM1, iEM2, 
TEM1, TEM2) subject to the following constraints:

(2)
Pcharge = TEM1 ⋅ �EM1 ⋅ �EM1(TEM1,�EM1)

+TEM2 ⋅ �EM ⋅ �EM2(TEM2,�EM2)

(3)

⎧
⎪⎨⎪⎩

�EM1 =
vvehicle

rW

⋅ iEM1

�EM2 =
vvehicle

rW

⋅ iEM2

(4)Tvehicle =
(
TEM1 ⋅ iEM1 ⋅ �1 + TEM2 ⋅ iEM2 ⋅ �2

)
⋅ iFD ⋅ �FD

(5)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Tvehicle =
�
TEM1 ⋅ iEM1 ⋅ �1 + TEM2 ⋅ iEM2 ⋅ �2

�
⋅ iFD ⋅ �FD

��TEM1
�� ≤ TEM1_max

��TEM2
�� ≤ TEM2_max

�EM1 ≤ �EM1_max

�EM2 ≤ �EM2_max

The enumeration method is applied in the optimization 
process. Firstly, all operating modes are enumerated orderly 
in the main loop. In the nested sub-loop, the output torque 
of EM1 is discretized by an interval of 10 N·m in the dual 
motor mode. The objective function will be calculated for 
each discrete point under the above constraints. Finally, the 
optimal operating points of both EMs and the optimal oper-
ating modes of eDMT are obtained for a specific vehicle 
operating point (Tvehicle, vvehicle).

3.2  Mode Shift Map

The mode shift map of the eDMT with minimum energy 
consumption is designed by adopting the proposed EMS, 
as shown in Fig. 3. In the figure, M0.5 is included in M1.5 
because they are the same working mode. Moreover, the 
power distribution of driving condition and braking condi-
tion between both EMs in the dual motor modes is presented 
in Figs. 4, 5, 6, 7. Then, the minimum energy consumption 
at each moment can be calculated by combining Figs. 3, 4, 
5, 6, 7 and the transmission ratios.

4  Coordinated Control Strategy for Mode 
Shift Control

As mentioned above, one advantage of the eDMT lies in its 
power shift capability without torque interruption and thus 
the shift quality can be improved. However, it requires good 
control of the mode-shifting process. Therefore, a coordi-
nated control strategy is developed in this section.

The proposed control strategy is explained accord-
ing to the mode shift from M1 to M2 in Fig. 8. There are 
three phases. The function of each phase is summarized as 
follows:

Phase 1: Torque phase When the shift starts, the target 
mode is changed to M1. The torque of EM2 decreases gradu-
ally to unload the dog clutch CU. Meanwhile, the torque of 
EM1 is increased to compensate for the torque loss of the 
wheel. The wheel torque is thus transferred from EM2 to 
EM1, but the total wheel torque is the same as that before the 
shift. It is similar to the torque phase of a power shift with 
multi-plate wet clutches. However, the torque transferring is 
more accurate because of the precise control of EM torque.

Phase 2: Inertia phase When the torque of EM2 is 
decreased to 0, the torque phase ends and the inertia phase 
starts. The dog clutch CU disengages firstly from the left 
position to the middle position, enabling the speed control 
of EM2. In this phase, the torque of EM1 is held at a con-
stant level. The speed of EM2 is regulated from the current 
mode to the target mode. When the speed difference between 
the EM2 and the target mode drops into a predefined small 
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Fig. 4  Power distribution between both EMs in Mode M1

Fig. 5  Power distribution between both EMs in Mode M2

Fig. 6  Power distribution between both EMs in Mode M3
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window (Δw), the dog clutch CU starts engaging from the 
middle position to the right position, and finally the speed of 
EM2 is synchronized with the target mode speed.

Phase 3: Lock-up phase Since both EM1 and EM2 are 
already engaged, their torques are adjusted coordinately to 
the setpoint according to the power distribution determined 
by the EMS.

It is noted that the torque compensation capability is lim-
ited by the peak torque of the EM. Therefore, it is difficult to 
maintain the wheel torque the same as that before the shift 
in some cases (e.g. continuous maximum torque). However, 

since there is always an EM engaged in the powertrain, the 
wheel torque will not drop to 0 like AMT during the shift.

5  Simulation and Discussion

In this section, the energy consumption and shift perfor-
mance of the eDMT and AMT are compared through the 
simulation process.

5.1  Comparison of Energy Consumption

The adapted world transient vehicle cycle (C-WTVC), a 
cycle for the application tests of heavy commercial vehi-
cles, is employed to compare the energy consumption. The 
main parameters of the vehicle used for simulation are listed 
in Table 1.

The simulation results of eDMT using the mode shift 
map defined in Sect. 3.2 are displayed in Figs. 9, 10, 11. 
It is found that most operating points are located in the 
high-efficiency region of both EMs. With a driving cycle 
of 20.51 km, the total energy consumption is 29.95 kW·h.

A 4-speed AMT with the same motor and vehicle param-
eters as eDMT is used in the simulation. The 1st gear ratio of 

Fig. 7  Power distribution between both EMs in Mode M4

Fig. 8  Control strategy for mode shift

Table 1  Main parameters of the vehicle for simulation

Parameter Value

Vehicle mass 31,000 kg
Wheel dynamic radius 0.525 m
Frontal area 10.5 m2

Transmission efficiency 0.93
Air drag coefficient 0.8
Final drive ratio 5.26
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AMT is determined regarding identical launch torque with 
the eDMT. The 4th gear ratio is obtained on the basis of 
the top speed capability. The proportional gear ratio step is 
applied in this AMT. Figure 12 shows the shift map of the 
4-speed AMT defined by the same EMS proposed in Sect. 3. 
The simulation results of the vehicle with the 4-speed AMT 
are shown in Figs. 13 and 14. The total energy consumption 
of the 4-speed AMT is 31.36 kW·h.

By comparing Figs. 10, 11, and 14, it is found that the 
proposed EMS can make the EM work in the high-efficiency 
area as much as possible. Furthermore, a lower energy con-
sumption (29.95 W·h versus 31.36 kW·h for the C-WTVC 
cycle of 20.51 km) of the eDMT is reached through the rea-
sonable power distribution between the two EMs.

5.2  Comparison of Shift Performance

The simulation of shift performance is carried out for the 
vehicle accelerating at a 3% slope. Figure 15 shows the 
speed variation of EMs during the shift. It can be seen that 
two shifts occurred, one at about 10 s and the other at about 
15 s.

Figure 16 shows the torques variation of EMs during 
shift. It can be seen that only one EM’s torque drops below 
0 during the shift in eDMT. Since the torque of the other EM 
is very high, the torque shown in Fig. 16 does not increase 
to compensate for the torque loss during the shift. The EM 

Fig. 9  C-WTVC cycle and the operating modes of the eDMT with 
runtime

Fig. 10  EM1 operating points along the C-WTVC

Fig. 11  EM2 operating points along the C-WTVC

Fig. 12  Shift map of the 4-speed AMT
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torque of the AMT is also drastically reduced below 0 for 
speed regulation during shift.

Figure 17 shows the change of the vehicle acceleration. 
Obviously, the vehicle equipped with AMT suffers torque 
interruption and deceleration in the shifting process. When 
the vehicle is heavy and running on a slope, the decelera-
tion caused by torque loss is very dangerous. Moreover, 
the large acceleration hole will leads to a poor subjective 
shift feeling of drivers. Compared with the acceleration of 
AMT, the vehicle using eDMT still accelerates in the shift-
ing process. Although there is also a decrease in accelera-
tion, the hole depth of eDMT is much smaller than that 
of the AMT.

Similarly, the dynamic performance of the vehicle with 
eDMT is much better than that with the AMT. As shown in 
Fig. 18, eDMT reaches 35 km/h about 2.5 s earlier than the 
AMT. Particularly after the shift, the vehicle speed using 
AMT cannot keep up with the vehicle speed using eDMT.

The simulation results have verified that eDMT has bet-
ter economic performance and dynamic performance than 
the conventional AMT in heavy commercial EVs. In addi-
tion, the power shift capability enables a advantages both 
in shift quality of eDMT.

Fig. 13  C-WTVC and the operating gears of the 4-speed AMT along 
the cycle

Fig. 14  EM operating points along the C-WTVC of the 4-speed AMT

Fig. 15  The variation of EM speed during shift

Fig. 16  EM torque variation during shift
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6  Conclusions

The main conclusions are drawn as follows:

(1) A novel electric dual motor transmission for heavy 
commercial vehicles is proposed. And the operating 
modes of the eDMT are analyzed.

(2) A rule-based EMS is advanced to design the mode shift 
map and the power distribution between two EMs with 
minimum energy consumption.

(3) A coordinated control strategy is developed to coor-
dinately control the two EMs and the dog clutches for 
mode shift without torque interruption.

(4) The simulation results show that the eDMT is superior 
to the conventional AMT in terms of economic perfor-
mance and dynamic performance in heavy commercial 
EVs.

The prototype will be tested in the future to verify the 
effectiveness of the designed mode shift map and the pro-
posed coordinated control strategy.
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