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Model Predictive Current Control of Permanent Magnet
Synchronous Motor for Marine Electric Propulsion
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Abstract—In order to solve high torque ripple of permanent magnet synchronous motor (PMSM) for
marine electric propulsion under the current control methods, the improved model predictive current
control (MPCC) of PMSM for marine electric propulsion based on the mathematical model of three-
phase PMSM is proposed. First, the stator current prediction model is derived based on the forward
Euler method. Then the first optimal voltage vector is obtained by the value function, and the second
optimal voltage vector, and the second optimal voltage vector and the first and second optimal voltage
vectors’ respective action times are obtained by the q-axis deadbeat control, which are directly fed
back to the inverter. The proposed control method is verified by simulation and hardware in the
loop simulation experiment. The experiment results show that in comparison with the direct torque
control based on space vector modulation (SVM-DTC) in the case of motor speed and torque mutation,
the torque ripple of motor is reduced by 9.40% and 4.80% respectively based on improved MPCC.
The feasibility and effectiveness of the proposed method are verified by the simulation and experiment
results.

1. INTRODUCTION

Marine electric propulsion system has broad application prospects due to its merits of strong driving
ability, convenient installation, and maintenance [1–3]. Permanent magnet synchronous motor (PMSM)
has been widely used as propulsion motor due to its wide speed regulation range, low noise, and high
power density [4–6].

Propulsion motor drive control technology has been highly concerned by scholars as the core
technology of marine electric propulsion system [7, 8]. A current hysteresis vector control method
for ship propulsion motor is proposed in [9], but this method has the problem of large electromagnetic
torque ripple. A direct torque control (DTC) method of multi hysteresis torque regulator for PMSM in
marine electric propulsion system is proposed in [10–12], which has been a research hot spot of marine
electric propulsion motor control method owing to simple control structure and good dynamic response
performance. However, direct torque control method of multi hysteresis torque regulator has a problem
that its output electromagnetic torque ripple is large, which leads to poor motor stability and large
mechanical noise.

Therefore, reducing the torque ripple of PMSM for marine electric propulsion has become a hot
spot of researchers. A three-level inverter control technology based on the PMSM direct torque control
of electric propulsion is proposed in [13, 14] to make flux and torque more stable. However, three-
level inverter has many problems, such as neutral point voltage balance, the cost of hardware, and
the complexity of control. A control method of dividing stator flux into 12 sectors and adding zero
voltage vector based on the traditional direct torque control is proposed in [15], so as to reduce
the electromagnetic torque ripple of the motor. In order to reduce the torque ripple of motor, the
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direct torque control based on space vector modulation (SVM-DTC) is proposed in [16, 17], which takes
induction motor as an example. The SVM-DTC based on three-level inverter for electric propulsion
PMSM is proposed in [18], which improves the performance of starting and speed regulation. Taking
the marine PMSM as the research object, a control method that adds the fuzzy logic control algorithm
based on DTC is proposed in [19], which uses a fuzzy controller to replace the traditional hysteresis
torque controller, so as to realize the low ripple effect of torque and flux. However, the control method is
complex which leads to large amount of calculation and the difficult implementation. Model predictive
torque control (MPTC) taking the ship propulsion motor as the control object is proposed in [20]. It
reduces the electromagnetic torque ripple. In addition, it is more suitable for the ship electric propulsion
system with complex working environment due to its multi constraint processing ability and nonlinear
processing ability, but its tuning procedure is complex because the cost function of MPTC includes
weight coefficient.

In order to solve the problem of large torque ripple in the traditional control method of PMSM for
marine electric propulsion, an improved model predictive current control (MPCC) of PMSM for marine
electric propulsion is proposed in this paper, which reduces the electromagnetic torque ripple of the
motor and improves the multi constraint processing ability of the control system. The effectiveness of
the proposed control strategy is verified by MATLAB/Simulink simulation and hardware in the loop
simulation experiments.

2. MATHEMATICAL MODEL OF PMSM

The surface mounted permanent magnet synchronous motor (SPMSM) stator voltage equation in d-q
coordinate system can be expressed as:

ud = Rsid + Ls
did
dt

− ωeLsiq

uq = Rsiq + Ls
diq
dt

+ ωe (Lsid + ψf )

(1)

where ud and uq are voltage components in d- and q-axes, respectively; id and iq are current components
in d- and q-axes, respectively; Ls and Rs are the inductance of stator and the resistance of stator,
respectively; ωe is the electrical angular velocity of the rotor; ψf is the flux linkage of permanent
magnet.

The stator current differential equation of SPMSM in d-q coordinate system can be derived from
Equation (1): 

did
dt

=
1

Ls
(ud −Rsid + ωeLsiq)

diq
dt

=
1

Ls
(uq −Rsiq − ωeLsid − ωeψf )

(2)

The electromagnetic torque equation of the SPMSM is shown as:

Te =
3

2
pniqψf (3)

where Te is the electromagnetic torque of the motor; Pn is the pole pairs of the motor.

3. IMPROVED MODEL PREDICTIVE CURRENT CONTROL STRATEGY OF
PMSM

3.1. Principle of Improved Model Predictive Current Control Strategy

A two-level inverter is used to drive the three-phase SPMSM in this paper, which produces 8 switching
states including 6 effective voltage vectors and 2 zero voltage vectors. Space voltage vector diagram of
two-level inverter is shown in Figure 1, where “0” represents the conduction of the lower bridge arm,
and “1” represents the conduction of the upper bridge arm.
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Figure 1. Space voltage vector diagram of two-level inverter.
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Figure 2. The structure block diagram of PMSM control system based on improved MPCC.

The structure block diagram of SPMSM control system based on improved MPCC is shown in
Figure 2. Firstly, a PI controller is used to convert the speed difference into the torque current reference
value i∗q , and the improved MPCC method is used in the current loop to track the reference current.
Meanwhile, in each sampling period, the predicted current formula is used for delay compensation and
stator current prediction under the 8 voltage vectors, and then the optimal first voltage vector uopt1
is determined by the cost function. Then, 8 voltage vectors are used as the second alternative voltage
vector. And the optimal second voltage vectors uopt2, the action time topt1 of the optimal first voltage
vector uopt1 and the action time topt2 of the optimal second voltage vector uopt2 are obtained which use
q-axis deadbeat control, predictive current formula, and cost function, and then the PMSM is controlled.

Equation (2) is discretized by the forward Euler method, and the next time prediction model of
d-axis and q-axis stator currents can be obtained as:

id(k + 1) =

(
1− Ts

Ls
Rs

)
id(k) +

Ts
Ls
ωe(k)Lsiq(k) +

Ts
Ls
ud(k)

iq(k + 1) =

(
1− Ts

Ls
Rs

)
iq(k) +

Ts
Ls
ωe(k)Lsid(k) +

Ts
Ls
uq(k)−

Ts
Ls
ωe(k)ψf

(4)

where k is the current time; k + 1 is the next time; Ts is the sampling period.
ud(k) and uq(k) are substituted into the current prediction formula to obtain the predicted current

value at the next time. In order to eliminate the one beat delay of the digital control system, the
obtained predicted current value is taken as the initial known quantity. And substitute the obtained
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predicted current value and 8 voltage vectors into the current prediction formula to obtain 8 groups in
d- and q-axis predicted current values at the next moment after compensation, which are substituted
into the cost function, respectively. Finally, the corresponding voltage vector is selected as uopt1 to
minimize the cost function, and the cost function used in this paper is obtained as:

gz = |i∗d − id(k + 1)|+
∣∣i∗q − iq(k + 1)

∣∣ (5)

where i∗d and i∗q are the given value components of stator current in d- and q-axes, respectively.
According to the q-axis deadbeat control, the predicted value of q-axis stator current is equal to

the given value of q-axis stator current:{
i∗q = iq(k + 1) = iq(k) + fopt1t

∗
opt1 + fopt2t

∗
opt2

Ts = t∗opt1 + t∗opt2
(6)

where fopt1 and fopt2 are the slope of q-axis current component change under the action of fopt1 and the
second alternative voltage vector, respectively, and the calculation formula is shown as follows:

fopt1 = f0 +
uq−opt1

Ls

fopt2 = f0 +
uq−opt2

Ls

f0 =
1

Ls
(−Rsiq − ωeLsid − ωeψf )

(7)

where uq−opt1 and uq−opt2 are the q-axis component of the optimal first voltage vector and the q-axis
component of the second alternative voltage vector, respectively.

Combining Equations (6) and (7), the expressions of t∗opt1 and t∗opt2 can be obtained as: t∗opt1 =
i∗q − iq(k)− fopt2Ts

fopt1 − fopt2

t∗opt2 = Ts − t∗opt1

(8)

Taking 8 voltage vectors as the second alternative voltage vectors and substituting them into
Equations (6) and (8) respectively to obtain t∗opt1 and t∗opt2 under different alternative voltage vectors,

then 8 sets of synthetic voltage vectors can be obtained by Equation (9):

udqj = uopt1
t∗opt1j
Ts

+ ujopt2
t∗opt2j
Ts

(9)

where j = 1, 2, . . . , 8.
Using the 8 sets of synthetic voltage vectors substituted into the prediction current formula (4) can

obtain the corresponding current prediction value at next time. Finally, the voltage vector corresponding
to minimizing the cost function is selected as uopt2. The two-level inverter is controlled according to
the obtained uopt1 and uopt2 and their corresponding action times topt1 and topt2, and then the PMSM
is controlled.

3.2. Flowchart of Improved Model Predictive Current Control Strategy

The flowchart of the improved MPCC strategy is shown in Figure 3. Firstly, the sampling information
is obtained, including the rotor position θ of PMSM by photoelectric encoder; the actual speed ωr of
PMSM is obtained by differential treatment of θ; the stator current components id(k) and iq(k) of d-
and q-axes at time k of PMSM are obtained; the output voltage components ud(k) and uq(k) of d-
and q-axes at time k of two-level inverter are obtained. Then, the optimal first voltage vector uopt1 is
calculated according to Equations (4) and (5). Finally, the optimal second voltage vectors uopt2, the
action time topt1 of the optimal first voltage vector uopt1, and the action time topt2 of the optimal second
voltage vectors uopt2 are obtained according to q-axis deadbeat control and Equations (4) to (9). Then,
the normal operation of the PMSM is controlled.

gopt1 and gopt2 are the cost functions when the optimal first voltage vector and optimal second
voltage vector are selected, respectively; fj is the slope of the q-axis current component of the second
voltage vector when different alternative voltage vectors are selected.
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Figure 3. Flow chart of improved MPCC strategy.

4. SIMULATION VERIFICATION

In order to verify the effectiveness of the proposed method, the simulation model of the improved
MPCC of PMSM for marine electric propulsion is built in MATLAB/Simulink, and compared with the
simulation results of PMSM for marine electric propulsion control system based on SVM-DTC. In order
to ensure that the simulation effect is more in line with the practical application of electronic devices in
reality, the sampling frequency of the simulation model is set as 10 kHz. To compare the performance
of the two control methods, the torque ripple is defined as:

Tripple =
max {|Tmax − Tavg| , |Tmin − Tavg|}

Tavg
(10)
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In the model, the main parameters of the SPMSM which is used as the electric propulsion motor
are shown in Table 1.

Table 1. Parameters of SPMSM.

Motor parameters Value

Rated power Pn/kW 4088

Rated voltage Un/V 1800

Rated speed n/(r/min) 200

Rated torque Tn/(kNm) 195.2

Stator inductance Ls/µH 476.7

Pole-pair numbers Pn 8

Moment of inertia J/(kgm2) 550

Rotor flux linkage ψf/wb 3.55

Stator resistance Rs/Ω 0.1502

4.1. Speed Mutation Simulation

In order to simulate the actual operation condition and prevent the overcurrent during the starting
process, the motor is started under no-load condition, and the reference speed is set as three stages.
The initial reference speed is 60 r/min, then the given speed is increased to 90 r/min and 120 r/min at
0.75 s and 1.25 s, respectively. The load torque of 97.6 kNm is applied to the motor at 0.25 s.

The motor response curves of the PMSM control system with SVM-DTC and improved MPCC
under the variable speed condition are shown in Figure 4(a) and (b), respectively. The simulation
results show that the torque ripple is 14.44% with the SVM-DTC, and the torque ripple is 8.05% with
the improved MPCC under the same simulation conditions. Therefore, the torque ripple of the PMSM
control system with the improved MPCC can be reduced compared with SVM-DTC in the case of motor
speed variation.

4.2. Load Mutation Simulation

The given initial speed is set as 120 r/min, motor start with no-load. The load increases to 97.6 kNm
at 0.25 s at the stably running period. The load rises to rated load 195.2 kNm at 0.75 s when the motor
is stable again. The load drops to half load 97.6 kNm at 1.25 s when the motor is stable again until the
end of simulation.

The motor response curves of the PMSM control system with SVM-DTC and improved MPCC
under the variable load condition are shown in Figure 5(a) and (b), respectively. It can be calculated
from the simulation that the torque ripples with the SVM-DTC and improved MPCC are 7.39% and
4.28%, respectively, when the load is suddenly changed until the motor runs stably. Therefore, the
torque ripple of the PMSM control system with the improved MPCC can be reduced compared with
SVM-DTC in the case of motor load variation.

The results of simulation experiment show that in comparison with the SVM-DTC under the same
simulation conditions, the torque ripple is reduced by 6.39% and 3.11%, respectively, in the cases of
motor speed and torque mutation for the proposed method in the paper.

5. EXPERIMENTAL VERIFICATION

Due to the large power of the motor studied in this paper, it is difficult to use the prototype motor for
hardware experiment, so the StarSim hardware in the loop simulation platform is used for experimental
verification. The experimental platform is shown in Figure 6, and it includes hardware in the loop (HIL)
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(a) (b)

Figure 4. The motor response curves of the PMSM control system based on (a) SVM-DTC and (b)
improved MPCC.

and rapid control prototyping (RCP). The communication between RCP and HIL depends on the IO
channel connected to the I/O board [21, 22]. The motor model and main power circuit model are built
on HIL. RCP is used to detect the three-phase current, torque, rotor position, and other signals output
by HIL, and complete the implementation function of improved MPCC strategy. The motor parameters
used in the experiment are consistent with those in MATLAB simulation. The sampling frequency of
hardware in the loop simulation control system is 10 kHz. The speed, d- and q-axis currents, torque,
and three-phase current waveform of PMSM are observed by oscilloscope.

The given initial speed of the motor is set as 60 r/min, and the load torque is set as 97.6 kNm.
After the motor is stable, the given speed rises to 90 r/min at a certain moment. Then the given speed
rises to 120 r/min at a certain moment after the motor is stable. The motor response curves of PMSM
in the case of motor speed mutation are shown in Figure 7. It can be seen from Figure 7 that during
the motor speed mutation, the motor speed with SVM-DTC and improved MPCC method can follow
the reference speeds and stabilize at the given speed within 0.444 s and 0.436 s, respectively. The torque
ripple with SVM-DTC and improved MPCC method under half load are less than 18.6% and 9.2%, and
the three-phase current of improved MPCC method has better sinusoidal degree than of SVM-DTC.

The given initial speed of the motor is set as 120 r/min, and the load torque is set as 97.6 kNm.
After the motor is stable, the load torque increases to rated load of 195.2 kNm at a certain moment.
And the load torque drops to half load of 97.6 kNm at a certain moment after the motor is stable. The
motor response curves of PMSM in the case of motor load mutation are shown in Figure 8. It can be
seen from Figure 8 that when there is a sudden change in load during steady operation, the speed of
SVM-DTC and improved MPCC method follows and stabilizes at the given speed of 120 r/min within
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(a) (b)

Figure 5. The motor response curves of the PMSM control system based on (a) SVM-DTC and (b)
improved MPCC.
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Figure 6. The experimental platform.

40 s and 8.45 s respectively. The torque ripple of SVM-DTC and improved MPCC method under rated
load are less than 9.70% and 5.1%, respectively, and the three-phase current of improved MPCC method
has better sinusoidal degree than of SVM-DTC.
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It can be seen from Figure 7 to Figure 8 that when the given speed or the load of the PMSM control
system for marine electric propulsion changes suddenly, the speed of the motor control system with the
improved MPCC strategy can more quickly stabilize at the given speed than SVM-DTC strategy. And
the torque ripple of the motor drive system with the improved MPCC strategy can be reduced by 9.4%
and 4.8%, respectively, compared with SVM-DTC in the case of motor speed and torque variation.
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Figure 7. The motor response curves of PMSM in the case of motor speed mutation. (a) SVM-DTC.
(b) Improved MPCC.
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Figure 8. The motor response curves of PMSM in the case of motor load mutation. (a) SVM-DTC.
(b) Improved MPCC.

6. CONCLUSIONS

In this paper, the proposed improved MPCC strategy of PMSM for marine electric propulsion is
proposed based on the analysis of the mathematical model of PMSM in d-q coordinate system which can
greatly reduce motor torque ripple and ensure the motor working more smoothly. The simulated and
experimental results show that the torque ripple of improved MPCC strategy of PMSM proposed in this
paper is significantly reduced compared with SVM-DTC of PMSM, and the steady-state performance
is greatly improved. The proposed method has great significance to the further study of the control
technology of PMSM for marine electric propulsion.
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