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Abstract: To address technical challenges such as insufficient steady-state performance and common-mode voltage
interference in the Matrix Converters (MC), this paper proposes a duty cycle-based Model Predictive Control (MPC)
strategy that utilizes the rotating vectors of MC, which are characterized by generating zero Common-Mode Voltage
(CMV). This strategy predicts the motor’s operating state in real time, selects the optimal reference vector, and synthesizes
a virtual vector in the same direction as the reference vector by combining two adjacent rotating vectors, whose duty cycles
are then calculated based on the position of the virtual vector. Experimental results demonstrate that the proposed control
strategy fully leverages the fast response advantage of MPC while effectively suppressing CMV amplitude and reducing
current harmonic distortion, significantly improving the system’s steady-state performance.
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1. Introduction
Permanent magnet motor systems powered by matrix converters offer significant advantages in power density and

speed control performance and are consequently increasingly adopted in Alternating Current (AC) variable-frequency
speed control systems for high-end equipment such as aerospace, rail transport, and marine propulsion [1]-[5]. As
equipment and motor systems continue to increase in capacity, common-mode voltages can cause issues such as motor
bearing damage and electromagnetic interference. These problems not only reduce the reliability of motor systems but,
in severe cases, may even threaten the safety of the equipment. Consequently, the suppression of common-mode voltages
has become a major focus, and numerous hardware and software methods have been proposed [6]-[9].

Since the rotating vector of the matrix converter inherently has zero common-mode voltage, driving the motor
solely with the Matrix Converters (MC) rotating vector completely eliminates common-mode voltage without altering
the hardware circuitry, making it the simplest and most efficient solution for common-mode voltage suppression.
Consequently, various control and modulation strategies based on the rotating vector have been proposed by scholars
in the field of electrical engineering, both domestically and internationally, including model predictive control and other
control strategies. The effectiveness of these methods in eliminating common-mode voltage has been fully demonstrated
[10]-[15]. Among these, model predictive control has attracted particular research attention because of its outstanding
dynamic performance and inherent multiple control objectives. However, the steady-state performance of traditional
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model predictive control based on rotating vectors is relatively poor, which is not fit for high-performance motor drive
applications. To improve steady-state performance whilst ensuring zero common-mode voltage and good dynamic
performance, a duty-cycle-based model predictive control strategy with MC rotating vectors is put forward in this paper.

2. Rotating vector of a matrix converter
The relationship between the three-phase voltages on the input side and on the output side of the matrix converter,

i.e., a, b, c, and A, B, C, respectively, is shown in Equations (1) and (2):
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In the equation, V i and Vo represent the input and output voltage vectors, respectively. Spq denotes the switching
function of the bidirectional switch connecting phase p on the output side to phase q on the input side; Spq = 1 indicates
the switch is closed, and Spq = 0 indicates the switch is open, where p ∈ {A, B, C} and q ∈ {a, b, c}. V in represents the
magnitude of the input phase voltage, and MT denotes the transfer matrix of the matrix converter. Since the input side
of the MC cannot be short-circuited and the output side cannot be open-circuited, there are 27 switching combinations,
corresponding to 27 voltage vectors. Among these, the six vectors whose magnitudes remain constant whilst their phase
angles continuously vary are called rotating vectors, as shown in Table 1.

Table 1. Rotating vectors of 3×3 MC

State On devices Magnitude (Vout) Phase Common-Mode Voltage (CMV) (Vcom)

+10 SAa SBb SCc V in θVi 0

-10 SAa SBc SCb V in -θVi 0

+11 SAb SBc SCa V in θVi -2π/3 0

-11 SAb SBa SCc V in -θVi +2π/3 0

+12 SAc SBa SCb V in θVi +2π/3 0

-12 SAc SBb SCa V in -θVi -2π/3 0

In Table 1, Vout represents the magnitude of the output voltage vector, θVi represents the phase angles of the input
voltage vectors, andVcom represents the common-mode voltage, i.e., the average of the three-phase voltages on the output
side. It is apparent that the rotating vectors generate zero Vcom. Based on the phase angles of the rotating vectors in Table
1, it can be seen that the distribution of the six rotating vectors and the shape of the hexagon they form vary with θVi, as
shown in Figure 1.
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Figure 1. Rotating vector distribution diagram

When the values of θVi varies, the order of the rotating vectors in the plane varies according. For the sake of
convenience in discussion and calculation, this paper renumbers and reorders the rotating vectors. Starting with the
vector closest to the positive x-axis, they are numbered in counterclockwise order as R1 ∼ R6. As shown in Figure 1a,
when θVi = π/6, the rotating vectors corresponding to R1-R6 are, in order, (+10), (-11), (+12), (-12), (+11), and (-10).
Using the above rules, the rotating vectors corresponding to R1-R6 can be determined for different ranges of θVi values,
as shown in Table 2.

Table 2. Rotating vector arrangement table
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R1 +10 -11 +11 -12 +12 -10

R2 -11 +10 -12 +11 -10 +12

R3 +12 -12 +10 -10 +11 -11

R4 -12 +12 -10 +10 -11 +11

R5 +11 -10 +12 -11 +10 -12

R6 -10 +11 -11 +12 -12 +10

The six vectors R1 to R6 divide the vector plane into six sectors, which are labelled S1 to S6 in anti-clockwise order,
as shown in Figure 1.

3. Model predictive control of rotating vectors with duty cycles
This paper proposes a novel rotating vector-based model predictive control strategy to improve the system’s steady-

state performance.

3.1 Predicting model
If we establish a coordinate system with the x-axis aligned with the direction of the stator fluxΨ s, the stator voltage

equation for a permanent magnet synchronous motor is:

vx = Rsix+d|Ψs|/dt,
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vy = Rsiy+ωs|Ψs|. (3)

In the equation, vs =
[
vx, vy

]T represents the stator voltage vector;Ψs =
[
Ψx, Ψy

]T represents the stator flux vector;
and is =

[
ix, iy

]T represents the stator current vector.
The stator current for the next sampling period is predicted, using the equation:
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In the equation, R, Lq, and Ld represent the stator resistance, the q-axis inductance, and the d-axis inductance,
respectively; ud and uq are the d-axis and q-axis voltage, respectively; id and iq are the d-axis and q-axis current,
respectively; ωe is the rotor angular velocity.

By substituting the reference value for the predicted current in Equation (4), we obtain the reference voltage vector
required to make the current error in the next cycle approach zero:
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3.2 Calculation of the duty cycle of a rotating vector
Virtual vectors synthesized using rotating vectors can only lie within or on the boundary of the rotating vector hexagon.

When the reference vector is located on the boundary, it can be synthesized by two rotating vectors. However, when it
is located inside the hexagon, it is not possible to synthesize an exact match with only two vectors; in this case, a virtual
vector located on the boundary of the hexagon which is close to the reference vector is synthesized. In this paper, the
virtual vector with the same angle as the reference vector is selected. Denote the reference vector as V s and the selected
virtual vector as VM.

First, consider the case where θVi ∈ (0, π/3) and the reference vector V s lies in sector S1, as shown in Figure 1b. Let
A and B denote the endpoints of the two adjacent rotating vectors, R1 and R6, such that vectors OA and Ob represent R1

and R6, respectively. To find the point on the boundary AB that is in line with the endpoint of vector V s, draw a ray from
the endpoint of V s toward the line segment AB. The resulting intersection point M is the one sought, as shown in Figure
2a.

In Figure 2a, point M is on the line segment AB, which connects the endpoints of vectors OA and OB. Vector OM
can be synthesized by vectors OA and OB, with their coefficients summing to 1:

OM= k1OA+k2OB. (6)

Where, k1 and k2 are positive numbers less than 1 that satisfy k2 + k1 = 1. Thus, during one control cycle, virtual
vector OM is synthesized by combining the rotating vectors OA and OB, using duty cycles k1 and k2, respectively.
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Figure 2. Virtual vector decomposition

To calculate duty cycles, decomposeOM into lines throughOA andOB. Draw lines parallel toOB andOA through
M, intersecting OA and OB at P and Q, forming parallelogram OPMQ. It follows that:

OP= k1OA,

OQ= k2OB,

OM=OP+OQ. (7)

Using the coordinates of reference vector V s, which can be expressed as V seθs , we obtain α = θs− θR2 and β =

θR1 −θs.
From the law of sines, we obtain:
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sinα
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. (8)

From the similar isosceles triangles ∆PMA and ∆OBA, PM equals PA. Therefore,
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As QM equals OP, we obtain

k1 =
OP
OA

=
sinα

sinα + sinβ
,

k2 = 1−k1 =
sinβ

sinα + sinβ
. (10)

When the reference vector is located in another sector, the virtual vector in line with the reference vector, as well as
the duty cycle of the rotating vector required to generate that virtual vector, can be determined in the same way. Figure
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2b illustrates the situation in which the reference vector lies in sector S2; in this case, OA and OB correspond to the two
adjacent rotating vectors R2 and R1, respectively.

3.3 Driving signals
Once the rotating vector’s duty cycle has been obtained, it must be converted into driving signals for the nine

bidirectional switching devices in the matrix converter. The rotating vector is selected based on the sector of V s and
the value range of θVi. The on/off states of each switch corresponding to the selected rotating vector are then determined
using Table 1. By combining this with the duty cycle of the rotating vector, the driving signal for each switch can be
obtained. For example, when θVi = π/4 and the reference vector are located in sector S1, the sector boundaries OA and
OB correspond to rotating vectors of +10 and -10 respectively. The driving signals for all switching devices are shown
in Figure 3. In the figure, the duty cycles for switches SBb and SCc are both k1; those for SBc and SCb are both k2, SAa is
constantly high, and the other switches are constantly low.

Figure 3. Driving signals of switching devices

When the value of θVi falls within different intervals, and V s is located in different sectors, the rotating vectors
corresponding to the sector boundaries OA and OB will also change accordingly. Figure 4 shows the duty cycles of the
various switches in the MC when OA and OB correspond to different rotating vectors.
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Figure 4. Duty cycle of switching devices

For a switch with a duty cycle k1, the high level occurs earlier in a control cycle. For a switch with a duty cycle k2,
the low level occurs earlier. Thus, for k1, the PWM module uses direct comparison between the modulated wave and the
carrier, whereas for k2, it uses reversed comparison.

3.4 Overall process and discussion
The procedure for the rotating vector model predictive control described in this paper is as follows:
(i) Calculate the real-time phase angles of the six rotating vectors based on the phase angle of the input voltage;
(ii) Determine the sector in which the reference voltage vector lies based on its phase angle, and identify the rotating

vectors at the sector boundaries;
(iii) Calculate the duty cycle values k1 and k2 using Equation (10);
(iv) Determine the duty cycles for each switch of the MC based on the table in Figure 4;
(v) Generate the drive signals for each switch.
Compared with traditional Model Predictive Control (MPC) that uses only one rotating vector within each control

period, the proposed duty cycle-based MPC with rotating vectors can employ a virtual vector of any phase angle within a
control period, and therefore will improve the performance of the motor system, including lower current Total Harmonic
Distortion (THD) and lower torque ripple.

4. Experiment verification
To verify the effectiveness of the model predictive control strategy proposed in this paper, experiments were

conducted under identical conditions using both the traditional MPC with rotating vectors proposed in [13] and the
proposed duty cycle-based MPC with rotating vectors in this paper. The control period of the traditional strategy is
100 μs while the proposed one is twice, so that both strategies employ two rotating vectors within 200 μs. The controlled
motor in the experiment is a Permanent Magnet Synchronous Motor (PMSM), whose parameters are shown in Table 3.
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Table 3. Parameters of PMSM

Parameters Symbol Value

Number of pole pairs p 4

Permanent magnet flux Ψ f 0.25 Wb

Stator resistance Rs 0.65 Ω

Stator inductance Ls 1.3 mH

Rated power PN 0.8 kW

Rated torque TN 15 N·m

Figure 5. Steady state performance (a) Traditional Rotating Vector (RV)-MPC; (b) Proposed RV-MPC

Figure 5 shows the waveforms of the torque, motor speed and phase current under both the traditional and the
proposed strategy at 300 r/min. The torque and current waveforms demonstrate that, compared with the traditional MPC,
the proposed strategy improves the quality of torque and current waveforms, thereby improving steady-state performances.
To compare their performance quantitatively, current THD and torque ripple results under both strategies are provided
in Table 4. The results in Table 4 validated the superior performance of the proposed method. In addition, switching
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frequency under both strategies are also provided in Table 4, and the results show that the switching frequency under the
proposed MPC is close to that of the traditional one.

Table 4. Steady state performance results

RV-MPC method Conventional Proposed

Current THD (%) 66.25 8.2

Torque ripple (N·m) 1.82 1.38

Switching frequency (kHz) 0.73 0.76

Figure 6. Dynamic performance (a) Traditional RV-DTC; (b) Proposed RV-DTC

Figure 6 presents the dynamic waveforms under both the traditional and the proposed MPC strategies. During the
experiment, the motor speed steps from 300 r/min to -300 r/min firstly, and back to 600 r/min after 2 seconds. Under
both control strategies, the electromagnetic torque reaches a steady-state value after a brief adjustment period, with torque
fluctuations smaller under the proposed MPC. Therefore, the above dynamic response results show that the proposed
MPC maintains excellent dynamic performance.
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5. Conclusion
A novel rotating vector model predictive control strategy with duty cycles is proposed in this paper. The merits of

this strategy include:
(i) Zero CMV characteristic of the rotating vector is preserved;
(ii) Steady state performance is enhanced due to the utilization of duty cycles;
(iii) Dynamic performance of the model predictive control is preserved.
Hardware experiments validated the feasibility of the proposed MPC.
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