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Summary 

This paper presents a gear shift method for a hybrid dual clutch transmission (HDCT) with integrated electric 

motor in pure electric drive mode. Benefitting from the fast-dynamic response ability of the motor, the speed 

of the oncoming gear can be adjusted to that of the sleeve of the synchronizer, which implies a good shifting 

performance—shorter torque interruption interval and lower impact. The proposed speed synchronization 

controller combined model predictive control (MPC) with a time-domain disturbance observer, which can 

eliminate effects from unmodelled dynamics and exogenous disturbances. Simulation and experiment results 

demonstrate that the effectiveness of the proposed approach in attaining a rapid and robust speed 

synchronization performance. Furthermore, the method applied in this topology is also applicable to some 

other clutchless automatic manual transmission (CLAMT) powertrain in electric vehicle where the motor 

speed regulation is indispensable in gear shift process. 
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1 Introduction 

Due to the features of simple structure, high efficiency and power-on gear shift ability, dual clutch 

transmission (DCT) has been widely used in the recent decade. Stricter environmental policies and fuel 

targets raise higher requirements to powertrain systems. Different hybrid dual clutch transmission systems 

(HDCTs) have been developed, where the electric motor can be attached to input shaft, countershaft or output 

shaft [1-3]. Fig. 1 is the schematic diagram of a Motor-Integrated 6-Speed DCT. Plug in hybrid electric 

vehicle equipped with HDCT will operate in a pure electric drive mode until the battery level drops to the 

threshold of charge-sustaining mode. Therefore, to realize a wider range of torque application and higher 

energy efficiencies than fixed gear ratio, gear change among odd gears is necessary. When the HDCT 

operates in pure electric drive mode, it can be seen as equivalent to a clutchless automatic manual 

transmission (CLAMT). Synchronizer becomes the primary shift element and the integrated motor can help 

to match the oncoming gear speed with the sleeve velocity of synchronizer.  

A great deal of previous research of the CLAMT systems has focused on overcoming the impact of torque 

interrupt during gear change. Reference [4] introduced a CLAMT powertrain system used in battery electric 
bus, in which the clutch and synchronizer are both omitted. The paper points out that a small speed difference 

javascript:;
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between motor and output shaft is the precondition for a smooth shift, which can avoid “kick tooth” 

phenomenon. The gear shift process of CLAMT powertrain system is accomplished by the operations of gear 

release, gear select, speed synchronization, gear engagement and torque recover in order. The speed 

synchronization phase accounts for nearly 50% of the total shift time based on the experimental results [5]. 

Several control strategies have already been adopted to reduce the time of speed synchronization. Reference 

[1] used shifting duration, vibration dose value and vehicle longitudinal jerk as indicators to evaluate gear 

shift performance in a CLAMT system, and they employed a common proportional-integral-derivative (PID) 

type controller to enable closed-loop speed control for motor speed synchronization. To implement a precise 

motor speed regulation, a fixed-gain PID speed regulation controller is replaced by sliding-mode controller 

[6]. A control algorithm that combines speed and torque control of the AMT vehicle powertrain to achieve 

shifting control without using the clutch is presented in [7], where the combined control algorithm based on 

feed-forward, bang-bang and PID control can realize precise engine speed control. Overall, whether used in 

conventional vehicle or hybrid electric vehicle, these studies in CLAMT powertrain control highlight the 

predominant importance of a rapid and robust motor speed synchronization process. The gear shift process 

of the HDCT confronts some other challenges like big gear ratio difference between adjacent odd gears and 

large inertia to be synchronized. Moreover, the electric motor within the DCT is cooled by transmission 

lubricant. As a result, the motor torque may be disturbed by oil stirring resistance during gear change. 

This paper presents a speed synchronization controller for the HDCT system shown in Fig.1. The benefit of 

this approach is that the combined control algorithm is robust to unknown disturbance since it can be suppress 

by incremental MPC and disturbance observer (DO). In addition, quantitative method to determine MPC 

tuning parameters is given in this paper. Section 2 analyzes the gear shift process of the HDCT in pure electric 

drive mode in details and built the powertrain lumped model, following the combined controller design 

method. In Section 4, the simulation and experiment results are presented. The fifth section provides a 

conclusion to this paper. 

 

Figure 1: Layout of the HDCT and its pure electric drive mode 

2 Problem formulation 

2.1 Gear shift process in pure electric drive mode 

Fig. 2 shows the gear shift flowchart of the HDCT in pure electric drive mode. This process can be subdivided 

into gear releasing phase, speed regulation phase, gear engagement phase and torque recover phase, and it 

mainly involved with the vehicle control unit (HCU), motor control unit (MCU) and transmission control 

unit (TCU), where the measurements and control signals among these controllers can be delivered through 

the controller area network (CAN) bus. HCU provides an overarching control of the hybrid powertrain system 

and coordinates work between the MCU and TCU in gear shift process. Based on gear shift schedule of the 

pure electric drive mode, HCU determines whether a gear change event is activated. To facilitate the release 

of synchronizer mechanism, MCU can control the motor to be de-energized. 

During speed regulation phase, HCU calculates the target speed of the motor in real time and adjusts the 

motor speed according to proposed speed synchronization algorithm. The speed regulation phase will last 

until the difference between the actual speed and the target speed of the motor is within threshold. The specific 

value depends on mechanical characteristics of the gears and synchronizers, which can be obtained through 
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bench test [4]. After the motor speed is stabilized around the target speed for some time, the gear shift process 

can forward to gear engagement phase. TCU will actuate synchronizer to engage the oncoming gear, where 

synchronizer generates frictional force to reduce the synchronized side speed at upshift or increase the 

synchronized side speed at downshift. Because the motor speed is close to the target speed, the wear and tear 

of the synchronizer during engagement can be substantially reduced. In torque recover phase, MCU receives 

the torque-recovering command form HCU according to the power management strategy. This paper mainly 

concerns with how to reduce the speed regulation time while ensuring a smooth gear engagement process by 

suppressing the motor speed and torque fluctuation before engagement. 

 

Figure 2: Gear shift process of the HDCT in pure electric drive mode 

2.2 Powertrain lumped model 

Since clutches and synchronizers are fully disengaged in speed regulation phase, the dynamic model of the 

HDCT powertrain system in EV mode can be degenerated into a 2-DOF model. The equations of motion of 

the system are as follows: 

 𝐽𝑒,𝑚𝜔̇𝑚 = 𝑇𝑚 − 𝑏𝑒,𝑚𝜔𝑚 − 𝑇𝑓 (1) 

 𝐽𝑣𝜔̇𝑣 = −(𝑀𝑔𝑟𝑠𝑖𝑛𝜃 +
1

2
𝜌𝑎𝑖𝑟𝐴𝐶𝐷𝑉

2𝑟 +𝑀𝑔𝑓𝑟𝑐𝑜𝑠𝜃) (2) 

where 𝜔𝑚  and 𝜔𝑣  are the rotational speed of the motor and wheel, 𝑟  is the radius of the tire,  𝐽𝑒,𝑚 

denotes the equivalent inertia converted to the motor output shaft,  𝐽𝑣 is the vehicle inertia, 𝑏𝑒,𝑚 is the 

lumped viscous damping coefficient at the motor output shaft, 𝑇𝑓 can be treated as disturbance, 𝑇𝑚 is the 

output torque of the motor. The right three parts of Equation (2) are known as incline resistance, aerodynamic 

resistance and rolling resistance. The vehicle inertia is comparatively large and there is no power output 

during gear shift process, therefore, the vehicle speed ω𝑣 can be assumed to be constant. 

As mentioned before, the speed regulation phase is to make 𝜔𝑚 as close as possible to the motor target 

speed 𝜔𝑚
𝑇 , which can be calculated as: 

  𝜔𝑚
𝑇 = ω𝑣 ∙ 𝑖𝑚,𝑁𝐺 (3) 

Where 𝑖𝑚,𝑁𝐺 is the ratio of the gear to be engaged. It is obviously that the motor speed should decrease to 

the target speed in gear upshift scenario, the gear downshift process is exactly the opposite. The dynamic 

characteristics of the motor shaft during the speed synchronization regulation process are mainly determined 
by Equation (1). Table 1 lists the system parameters for powertrain model. 
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Table 1: system parameters for powertrain model 

 

 

 

 

 

 

3 Controller design 

The speed regulation phase control can be simplified as a tracking problem, where the reference trajectory 

can be obtained from Equation (3). Fig. 3 is the block diagram of the combined speed synchronization 

controller. MPC is adopted to achieve a good tracking performance. It takes the predicted behaviours into 

accountant so that not only the current tracking error can be suppressed but also the future errors [8]. To 

enhance the robustness of the nominal controller, a discrete-time DO is added to eliminate effects from 

external disturbance. 

 

Figure 3: Block diagram of the combined speed synchronization controller 

3.1 MPC design 

According to Equation (1), the motor shaft dynamics can be represented with the state-space form: 

 
𝑥̇ = 𝐴𝑐𝑥 + 𝐵𝑐𝑢 + 𝐸𝑐𝑑
y = 𝐶𝑐𝑥

 (4) 

Where 𝑥 = 𝜔𝑚, 𝑢 = 𝑇𝑚,  𝐴𝑐 = −
𝑏𝑒,𝑚

𝐽𝑒,𝑚
, 𝐵𝑐 = 𝐸𝑐 =

1

𝐽𝑒,𝑚
 , 𝐶𝑐 = 1, and 𝑑 is the lumped disturbance acting 

on motor output shaft. Equation (4) can be discretized with a constant sampling time 𝑇, which is chosen the 

same as the sampling period of the speed sensor in real experiment.  

 
𝑥𝑘+1 = 𝐴𝑑𝑥𝑘 + 𝐵𝑑𝑢𝑘 + 𝐸𝑑𝑑𝑘
     y𝑘 = 𝐶𝑑𝑥𝑘

 (5) 

The subscript 𝑘 is a nonnegative integer denoting the sample number which is connected to time by 𝑡 = 𝑘𝑇. 

Assuming that 𝑑  is an unknown constant disturbance, it can be removed with incremental modelling 

technique, where variable is replaced by its difference [9]. The incremental form of the state equation can be 

derived as follows. 

 ∆𝑥𝑘+1 = 𝐴𝑑∆𝑥𝑘 + 𝐵𝑑∆𝑢𝑘 (6) 

MPC 

Disturbance 

Observer

Motor shaft dynamics

 Sensor
Target motor speed

Actual motor  speed

Controller

Item Value Unit 

     𝐽𝑒,𝑚 0.0192  𝑘𝑔𝑚2 

    𝑏𝑒,𝑚 0.0011 𝑁𝑚/(𝑟𝑎𝑑 𝑠⁄ ) 

     𝑖𝑚,1 27.806 - 

     𝑖𝑚,3 10.318 - 

     𝑖𝑚,5 5.872 - 
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Then the augmented model of Equation (5) is: 

 
[
∆𝑥𝑘+1
𝑦𝑘+1

]
⏞    
𝑥̃𝑘+1

= [
𝐴𝑑 0
𝐶𝑑𝐴𝑑 1

]
⏞      

𝐴̃

[
∆𝑥𝑘
𝑦𝑘
]

⏞  
𝑥̃𝑘

+ [
𝐵𝑑
𝐶𝑑𝐵𝑑

]
⏞    

𝐵̃

∆𝑢𝑘

            y𝑘 = [0 1]⏞    
𝐶̃

[
∆𝑥𝑘
𝑦𝑘
]

 (7) 

Where the state variable is chosen to be 𝑥̃𝑘 = [∆𝑥𝑘
𝑇, 𝑦𝑘]

𝑇
. 

Let 𝑚 and 𝑝 denote control horizon and prediction horizon, respectively. Note that the input variable 

remains unchanged outside the control horizon. The recursive relation of the state variable can be derived 

from Equation (7). 

 𝑥̃𝑘+𝑖|𝑘 = 𝐴̃
𝑖𝑥̃𝑘 +∑𝐴̃𝑙𝐵̃∆𝑢𝑘+𝑖−1−𝑙  

𝑖−1

𝑙=0

, 𝑖 = 1,2,… , 𝑝 (8) 

Where 𝑥̃𝑘+𝑖|𝑘 denotes the predicted state variable at sample instant 𝑘 + 𝑖. Since the optimal problem is to 

adjust the motor speed to target value, the cost of the finite horizon objective can be represented in a standard 

quadratic form. 

 𝐽 = (𝑊 − 𝑌)𝑇𝑄(𝑊 − 𝑌) + ∆𝑈𝑇𝑅∆𝑈 (9) 

Where 𝑊 denotes the reference trajectory, 𝑌 is the predicted output sequences and can be obtained by 

substituting Equation (8) into Equation (7). 𝑄 is the weighting matrix to penalize track errors, 𝑅 is related 

to the control action and can be regarded as a soft constraint imposed on the input variable. In additional, 𝑄 

is chosen to be real symmetric and positive semidefinite, 𝑅 is real symmetric and positive definite, 𝑊 has 

the structure 𝑊 = [1 ⋯ 1]𝑇𝑤𝑘 because the target speed is assumed to be constant within the prediction 

horizon. In order to simplify the analytical process, 𝑄 and 𝑅 are restricted to be diagonal. 

Notice that the cost function depends on initial state 𝑥̃𝑘 and input sequences ∆𝑈, then the optimal solution 

can be formulated as follows. 

 ∆𝑈∗ = argmin
∆U
 𝐽(𝑥̃𝑘, ∆𝑈) (10) 

MPC has the capacity to handle constrained optimal problem, but the output and state constraints are always 

inactive in speed regulation phase. Based on the convex optimization theory [10], in the absence of 

constraints, Equation (10) can be solved as: 

 ∆𝑈∗ = (𝑆𝑢
𝑇𝑄𝑆𝑢 + 𝑅)

−1
𝑆𝑢
𝑇𝑄(𝑊 − 𝑆𝑥𝑥̃𝑘) (11) 

The moving horizon control law uses the first move of the optimal control sequence, that is, the optimal 

control at step 𝑘 is: 

 ∆𝑢𝑘
∗ = [1 ⋯ 0]∆𝑈∗ = 𝐾𝑦𝑤𝑘 −𝐾𝑥𝑥̃𝑘 (12) 

Where 

𝐾𝑥 = [1 ⋯ 0](𝑆𝑢
𝑇𝑄𝑆𝑢 + 𝑅)

−1
𝑆𝑢
𝑇𝑄𝑆𝑥

𝐾𝑦 = [1 ⋯ 0](𝑆𝑢
𝑇𝑄𝑆𝑢 + 𝑅)

−1
𝑆𝑢
𝑇𝑄[1 ⋯ 1]𝑇
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Equation (12) gives a feedforward-feedback control law. If the weighting matrices are determined, the gain 

matrices can be precomputed off-line and the control action applied to the plant can be obtained on-line. 

3.2 MPC parameters tuning  

Unconstrained MPC is equivalent to unconstrained LQR control with infinite horizon, so it inherits the tuning 

challenge of the weighting matrices 𝑄 and 𝑅. According to Equation (11), tuning parameters of the MPC 

consist of control horizon, prediction horizon and weighting matrices. Each of the above parameters has a 

specific role in system performance and it is not always obvious to select an appropriate value.  

The closed-loop system is given by substituting Equation (12) into Equation (7): 

 𝑥̃𝑘+1 = (𝐴̃ − 𝐵̃𝐾𝑥)𝑥̃𝑘 + 𝐵̃𝐾𝑦𝑤𝑘 (13) 

Since Equation (13) represents a second-order discrete-time system, a quantitative relationship between the 

closed-loop performance and tuning parameters can be obtained. The s-plane transfer function of a 

continuous second-order system is given by: 

 𝐺(𝑠) =
𝑌(𝑠)

𝑋(𝑠)
=

𝜔𝑛
2

𝑠2 + 2𝜉𝜔𝑛𝑠 + 𝜔𝑛
2
 (14) 

Where 𝜉 is the damping ratio and 𝜔𝑛 is the undamped natural frequency of the system. The step response 

of Equation (14) can be described by the maximum overshoot 𝛿 and the settling time 𝑡𝑠. In our work, a 

small settling time and overshoot mean a smooth speed regulation process, i.e., a good gear shift quality. In 

the case of giving the requirements of the settling time and maximum overshoot, the matching transfer 

function 𝐺(𝑠) can be uniquely obtained. Then the desired discrete-time closed-loop pole locations 𝑝𝑑𝑒𝑠𝑖𝑟𝑒𝑑  

can be given from the corresponding discrete-time equivalent of 𝐺(𝑠). The gain matrix 𝐾𝑥 in Equation (12), 

satisfying the specified pole locations 𝑝𝑑𝑒𝑠𝑖𝑟𝑒𝑑, can be derived from Ackermann formula [11]. 𝐾𝑦 can be 

directly given by the last columns of the gain matrix 𝐾𝑥 due to the specific form of state transition matrix and 

output matrix in Equation (7), i.e., 𝐾𝑦 = [0 ⋯ 1]𝑇𝐾𝑥 . Revisiting Equation (12), it can be seen that the gain 

matrices can be obtained once the weighting matrices are determined, and vice versa. Suppose that the control 

horizon 𝑚 is 1, then 𝑅 is a single-element matrix with a scalar 𝑟 and 𝑄 is a diagonal matrix with the 

structure 𝑑𝑖𝑎𝑔( 𝑞1,⋯ , 𝑞𝑝).  

The above steps give the gain matrices with the specified closed-loop pole locations 𝑝𝑑𝑒𝑠𝑖𝑟𝑒𝑑, then 𝑄 and 

 𝑅 need to satisfy the following equation: 

 (𝑆𝑢
𝑇𝑄𝑆𝑢 + R)

−1
𝑆𝑢
𝑇𝑄𝑆𝑥 − 𝐾𝑥 = 0 (15) 

Considering the unknowns 𝑟 and 𝑞1, ⋯ , 𝑞𝑝, Equation (15) can be rewritten as: 

 𝑓(𝑟, 𝑞1, ⋯ , 𝑞𝑝) = 0 (16) 

Notice that the equality constraints may be too restrictive to get the solution, it is worthwhile to introduce a 

relaxation variable 𝛼. Hence it can be transformed into a linear programming (LP) problem with inequality 

constraints. 

 𝑚𝑖𝑛
𝑄,𝑅,𝛼

𝛼1 + 𝛼2 (17) 

Subject. to 
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                                      −𝛼𝑖 ≤ 𝑓𝑖(𝑟, 𝑞1,⋯ , 𝑞𝑝) ≤ 𝛼𝑖          𝑖 = 1,2

Q ≻ 0, R ≽ 0
            𝛼𝑖 ≥ 0

 

There are many general solutions to the above optimization problem, such as interior point method and active 

set method, etc. For further details of LP problem, refer to Wright’s work [10]. 

3.3 Disturbance observer design 

Parameters mismatch and model uncertainty can degenerate control performance, sometimes it may cause 

unstable and oscillation. The incremental form MPC design can suppress unknown constant disturbance to 

some extent, but it is useless against random perturbation. To solve the problem, a discrete-time disturbance 

observer for Equation (5) is introduced as:  

 {
𝑑̂𝑘 = 𝐿𝑥𝑘 − 𝑧𝑘
𝑧𝑘+1 = 𝑧𝑘 + 𝐿(𝐴𝑑𝑥𝑘 + 𝐵𝑑𝑢𝑘 + 𝐸𝑑𝑑̂𝑘) − 𝐿𝑥𝑘

 (18) 

Where 𝑑̂𝑘 is the estimation of the disturbance 𝑑, 𝑧𝑘 is an intermediate variable, 𝐿 is the observer gain 

and can be tuned to satisfy different estimation demands. 

Contrary to the hypothesis that the disturbance is constant in MPC design, the disturbance here is assumed 

to be slowly time-varying in actual speed synchronization circumstance, that is  |∆𝑑𝑘| ≤ 𝜀,   ∀𝑘 =
1,… ,∞, 𝜀 𝜖 𝑁. 

Disturbance estimate error is defined as 𝑒𝑑𝑘 ≜ 𝑑𝑘 − 𝑑̂𝑘. From Equation (5) and (18), the recursive relation 

of the estimate error can be derived as: 

 𝑒𝑑𝑘+1 = (𝐼 − 𝐿𝐸𝑑)𝑒𝑑𝑘 + ∆𝑑𝑘+1 (19) 

Equation (19) is asymptotically stable if the eigenvalues of 𝐼 − 𝐿𝐸𝑑 are less than unity, which means the 

estimate error converges to a bound as 𝑇 increases. 

 |𝑒𝑑𝑘+𝑛|⏟  
𝑛→∞

= lim
n→∞

|(𝐼 − 𝐿𝐸𝑑)
𝑛𝑒𝑑𝑘 +∑(𝐼 − 𝐿𝐸𝑑)

𝑖−1∆𝑑𝑘+𝑖

𝑛−1

𝑖=1

| ≈
𝜀

𝐿𝐸𝑑
 (20) 

Equation (5) is a scalar equation. Hence, the observer gain should satisfy the following equation and the value 

of L can be tuned for a robustness or aggressive estimate speed. 

 0 ≤ 𝐿 ≤
2

𝐸𝑑
 (21) 

4 Results 

4.1 Simulation results and analysis 

To validate the effectiveness of the proposed controller, simulations are carried out with a high-fidelity HDCT 

powertrain model in this section. The motor speed of the 1-3 upshift point 𝑛𝑚 is 3058 rpm according to the 

designed shift schedule, then the target speed is 1135 rpm. To avoid the appearance of “kick tooth” 

phenomenon and obtain a small initial speed slip at the beginning of gear engagement phase, the acceptable 

speed synchronization error in 1-3 upshift should be less than 50 rpm from synchronizer bench test results. 

The maximum overshoot 𝛿  in speed regulation phase is chosen as 15%, and the settling time 𝑡𝑠 
corresponding to the above speed synchronization error bandwidth is 0.4 s. Then the closed-loop pole locations 
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are at 𝑃𝑑𝑒𝑠𝑖𝑟𝑒𝑑=0.8971±0.1434𝑖. The MPC tuning parameters can be obtained by solving the convex optimization 

problem defined in Equation (17). Table 2 lists the main parameters for MPC design. 

Table 2: MPC parameters used to generate the desired closed-loop poles (at 𝛼 ≤ 1e-4) 

 

 

Fig. 4 shows the speed synchronization control process with MPC parameters in Table 2. The result shows 

that, the maximum overshoot and the settling time are coincide with the desired preset values. Moreover, the 

motor output torque is relatively small during speed regulation phase. That is a proof why an unconstrained 

MPC is applied rather than the constrained MPC, because the optimization solutions fall within the feasible 

domain, i.e., the motor torque control sequences are under the physical limits. 

 

  (a) Speed synchronization response       (b) Motor torque response 

  Figure 4: The 1-3 upshift process with the desired poles 

The controller performance is subjected to model parameters uncertainty, unmodeled dynamics and 

measurement noises, etc., where these disturbances are usually difficult to measure and analysis in practice. 

Hence, in order to verify the robustness of the controller in the presence of disturbances, a hypothetical 

disturbance is introduced and is assumed as: 

 𝑑(𝑡) = 2 𝑠𝑖𝑛(20𝜋𝑡 + 1) + 1.5 𝑐𝑜𝑠(4𝜋𝑡) + 2.1866 (22) 

The results of the simulations for speed regulation process with disturbance compensation are shown in Fig. 

5. It can be observed that the disturbance observer can reduce the maximum overshoot and suppress speed 

fluctuation. To illustrate the effects of different observer gains, we set the observer gain 𝐿 to be 0.5 and 2, 

respectively. However, since the characteristics of disturbances are unknown, the observer gain 𝐿 employed 

here may be no longer suitable for other disturbance circumstances.  

 

  Figure 5: Speed synchronization performances with DO method 

𝑁𝑝 𝑁𝑐 𝑄 𝑅 

6 1 diag(0.0198,0.0124,0.110,0.0123,0.0192,0.1672) 8.7829 



EVS32 International Electric Vehicle Symposium   9 

4.2 Experiment results and analysis 

To demonstrate the effectiveness of the proposed scheme in practice, an experimental platform for the HDCT 

powertrain system is set up as Fig. 6. It consists of the HDCT gearbox, dynamometers, and flywheel. The 

dynamometer is connected over the output shaft of the HDCT to apply the load, and the flywheel is to emulate 

the vehicle inertia. The algorithm is compiled and loaded into MicroAutoBox simulator, which is a real-time 

digital system. Moreover, the delivery of signals between TCU, PCU and MicroAutoBox simulator is 

achieved through the CAN bus. 

 

  Figure 6: Test bench for the HDCT powertrain system 

Fig. 7 shows the test results of a typical 1-3 upshift process. Since the actual disturbance cannot be 

compensated completely, there are some differences exists between the results of Fig. 7 and that of Fig. 4 in 

simulation section. However, the maximum overshoot and settling time in experiment are roughly coincided 

with the preset values. The total gear shift time is about 1.2s, which satisfies the design shift time requirement 

of the HDCT powertrain system.  

 

               (a) Speed synchronization response             (b) Motor torque response 

Figure 7: The 1-3 upshift process in experiment (at 𝑡𝑠=0.4s and 𝛿=15%) 

To highlight the effectiveness of the proposed algorithm, a PI cascade speed controller is adopted to make a 

comparation. From Fig. 8, it can be seen that the speed synchronization performance employed the combined 

controller is better than that by employing the nominal MPC control, where the maximum overshoot is 

significantly reduced, endorsing the effectiveness of disturbance observer. And we can guess that the actual 

disturbance is slowly time-varying, because when the motor speed is near the target speed, the speed 

fluctuation of nominal MPC control is almost the same as that of the combined control. Parameters of the PI 

controller are chosen based on the Empirical Ziegler-Nichols technique [12]. These two sets of PI controller 

parameters can both realize 1-3 upshift process. As indicated in subgraph of Fig. 8, a long transient process 

is unsatisfactory, which results in a large output torque hole of the vehicle. The time of gear change event 

completed with first PI method is 0.8s behind that of the MPC method. Worse still, if integrating gain is too 

small, like the second PI controller, it takes nearly two times of the shift time since the static error cannot be 

eliminated.  



EVS32 International Electric Vehicle Symposium   10 

 

Figure 8: Speed synchronization performance with MPC+DO and PI methods 

5 Conclusions 

In this work, the speed regulation phase control for a HDCT powertrain in pure electric drive mode is dealt 

with a robust speed synchronization controller which combines MPC and disturbance observer.    

Unconstrained MPC is equivalent to unconstrained LQR control with infinite horizon, so it inherits the tuning 

challenge of the weighting matrices 𝑄 and 𝑅. The MPC gains obtained with the proposed tuning procedure 

give a good benchmark for parameters selection in practice. The unknown constant disturbance can be 

removed by using incremental model, moreover, a discrete-time disturbance observer is used to enhance the 

robustness of the algorithm. Simulation and experiment results show that the combined control method can 

realize a fast and robust motor speed regulation process. In addition, the method used in this paper is also 

applicable to other CLAMT systems in electric and hybrid electric vehicles.  
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