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ABSTRACT The rotating vectors of a matrix converter are uniquely featured by producing zero
common-mode voltage, and control methods using them have the advantage of inherently achieving
common-mode voltage minimization. However, the existing knowledge of their low voltage transfer
ratio (VTR) has made it difficult for rotating vectors to get practical applications. This paper derives the
theoretical limit of the VTR under the constraint of rotating vector. Firstly, the principle of selecting the
voltage vector for maximum VTR is analyzed. Then the range of matrix converter input voltage phase angle
is divided into intervals, and the phase angle of the selected rotating vector within each interval is determined.
Finally, through integral and average calculations, the maximum VTR, 9/π2, is obtained, which is more than
80% higher than that of the linear modulation limit. Simulation and experiments are carried out to verify the
correctness of the conclusion.

INDEX TERMS Voltage transfer ratio, matrix converter, rotating vector, permanent magnet synchronous
motor.

I. INTRODUCTION
Matrix converter (MC)-fed permanent magnet synchronous
motor (PMSM) system combines the advantages of MC, like
compact structure, low harmonic pollution to the power grid,
and those of PMSM, like high power density, good speed
regulation performance, and is therefore widely used in high-
performance motor control applications [1]–[3]. Among the
state space vectors of the MC, rotating vectors (RVs) are
characterized by continuous rotation and variation of distri-
bution in the vector plane. In addition, RVs are inherently
featured by producing zero common- mode voltage (CMV).
Consequently, for the MC-fed motor system, employing the
RVs to drive the motor is an excellent method of CMV
suppression, which not only requires no adjustment of the
hardware circuit structure, but also can achieve ideal sup-
pression effect [4]–[7]. This idea has been realized in strate-
gies like space vector modulation (SVM), direct torque
control (DTC), etc., and has been verified effective in CMV
minimization [8]–[18].
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However, due to the influence of the motion characteristic
of the RV, the research of control strategies with RV is still
in the preliminary stage. A significant factor that makes it
difficult for rotating vectors to get practical applications is the
existing knowledge of their low voltage transfer ratio (VTR).
In [12], [13], it has been proved that when the RVs alone
are used in SVM, the VTR cannot exceed 0.5 in the linear
modulation area, which is severely lower than the maximum
VTR of MC in the linear modulation area when all vectors
are allowed to be used, i.e. 0.866. Overmodulation methods
are usually employed in applications to achieve a higher VTR
beyond the linear modulation area. Experiences show that
the VTR can be increased by about 20% at most, i.e. from
0.866 to slightly higher than 1 [19], [20]. For RV -basedmeth-
ods, if an overmodulation strategy also achieve an increase
of 20%, the VTR will ascend from 0.5 to around 0.6, which
is still far from satisfactory. This presumption discourages
the research of RV-based overmodulation strategies. As a
result, no overmodulation strategy using RVs has ever been
put forward up till now.

However, the above presumption, i.e., an increase of
20% in VTR by overmodulation, is actually not fit for the
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TABLE 1. Space vectors of a 3 × 3 MC.

RV-based methods. In the linear modulation area of SVM,
the synthesized output voltage vector is located within the
inscribed circle of the vector polygon, and thus fails to
take full advantage of the voltage vectors. As the shape of
the polygon formed by the terminals of the RVs is variant
with input voltage phase, the size of the inscribed circle is
also variant, and the maximum VTR in linear modulation
area is actually determined by the smallest inscribed circle.
Consequently the RV-based SVM strategy achieves an even
lower utilization of the voltage vectors in linear modulation
area than expected. In other words, RV-based overmodulation
methods can be expected to acquire a larger increase of VTR
than around 20%. In fact, it has been deduced in [21] that the
maximum VTR of RV-based DTC is much greater than 0.5;
but the potential of voltage utilization is still not sufficiently

FIGURE 1. Circuit of matrix converter.

FIGURE 2. Distribution of rotating vectors. (a) θVi = 0. (b) θVi = π/12.
(c) θVi = π/6.

achieved, as the selected RV has to meet the control require-
ment of flux magnitude in DTC.

In this paper, the principle of selecting the RV for max-
imum VTR is analyzed, and the theoretical limit of the
VTR is calculated, which is higher than 0.9, indicating that
RV-based overmodulation strategies can expect an increase
of VTR by more than 80% compared with 0.5. Therefore, the
research of RV-based overmodulationmethods will be greatly
encouraged, and rotating vectors will be applied more widely,
exploiting their advantage of zero common-mode voltage to
the full.

II. MATRIX CONVERTER
A 3 × 3 matrix converter connects each one of the 3 output
terminals to each one of the 3 input terminals through 9 bidi-
rectional switches, as shown in Fig. 1. A filter is used at the
input of the MC to reduce the current harmonics. According
to Fig. 1, the input and output voltages of the MC satisfy

uo =

 uAuB
uC

 =
 sAa sAb sAc
sBa sBb sBc
sCa sCb sCc

 uaub
uc

 = M · ui (1)

where, ui and uo are input and output voltage vectors respec-
tively, ux (x ∈{a, b, c, A, B, C }) is the phase voltage, spq
(p ∈{A, B, C}, q ∈{a, b, c}) is the switching function of the
bidirectional switch Spq which connects the output phase p
to the input phase q, spq = 1 represents the switch is on and
spq = 0 represents it is off,M is the transfer matrix of theMC.

The switching state of the MC must satisfy the rules of
avoiding short circuit at the input side of MC, as well as open
circuit at the output side, due to the inductive characteristic
of the load. Therefore there are 27 possible switching states,
of which the corresponding output voltage vectors with their
magnitude Vo and phase angle θVo are listed in Table 1.
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Vin and θVi represent the magnitude and phase angle of input
voltage vector. Vcom represents the common mode voltage.
The output voltage vectors corresponding to the switching
states from ±1 to ±9 are referred to as active vectors, those
corresponding to ±10 to ±12 are referred to as rotating
vectors, and those corresponding to 0a to 0c are referred to
as zero vectors.

The rotating vectors are featured by fixed amplitude and
constantly changing phase angle. The phase angle of each
RV varies periodically in accordance with θVi, as shown in
Table 1. Due to opposite rotating direction of the rotating vec-
tors, their distribution is changing also with θVi, and the angle
between adjacent rotating vectors is variant between 0 and
2π /3. Fig. 2(a) to Fig. 2(c) shows the instantaneous position
of each RV when θVi equals 0, π /12 and π /6, respectively.

III. MAXIMUM VTR OF MC WITH ROTATING VECTORS
Rotating vectors are employed in some control methods
for MC-fed motor system to achieve CMV minimization.
However, the existing RV-based methods cannot fully use the
vector in each control step, which leads to low VTR. This
paper proposes a method to reach the maximum VTR with
rotating vectors.

A. PRINCIPLE OF VECTOR SELECTION FOR MAXIMUM VTR
Taking the direction of the stator flux linkage9s as the x-axis
to establish an x-y rectangular coordinate system, the change
rate of stator flux amplitude and the change rate of torque can
be expressed as [3]

d|9s|/dt = vx (2)

dTe/dt = KT
(
vy − ωr|9s|

)
(3)

where vx and vy represent the x-axis and y-axis component
of stator voltage respectively;ωr is electrical angular speed of
the rotor, and Te is electromagnetic torque.KT is related to the
stator flux amplitude, the power angle, and motor parameters.
At steady state, the rotor speed, the power angle and the stator
flux amplitude can be approximately regarded as constant,
i.e., ωr|9s| as well as KT can be seen as a constant. It can
be seen from (3) that the torque change rate is proportional to
the difference between vy andωr|9s|. Therefore, at any speed
(in positive direction, for example), as long as the y-axis
component of the employed voltage vector is larger than
ωr|9s|, the torque will always increase, so that the motor
will accelerate. When the motor speed keeps unchanged even
if the employed voltage vector has the largest y-axis com-
ponent, it can be indicated that the motor has reached its
maximum speed, and the converter outputs the maximum
voltage with respect to the given input voltage. Therefore,
in order to reach the limit of VTR, the voltage vector
with largest y-axis component should be employed in each
control step.

Within a control step, the selected output vector of a con-
verter can be either a single voltage vector or a virtual vector
equivalently synthesized by several voltage vectors (the sum

of duty cycles being 1). For a matrix converter that uses
only rotating vectors, the terminal of the equivalent output
vector can be located at any point on the edge of the hexagon
formed by the terminals of the six rotating vectors, or inside
the hexagon as well. Obviously, no matter which direction
is y-axis oriented, the terminal of the equivalent vector with
largest y-axis component must be located on the edge of the
hexagon, instead of inside it.

The shape of the hexagon formed by the six rotating vectors
is varying with θVi. As shown in Fig. 3, the dotted line
hexagon is divided into six isosceles triangles by the six
rotating vectors. Denote the three vertices of the triangle
where y-axis is located as O, A and B (Point A and Point
B are the terminals of the two adjacent rotating vectors), then
the voltage vector with largest y-axis component is apparently
located on the edge AB of the hexagon.

FIGURE 3. Diagram exploring the y-axis component of MC voltage vector.

Assume an arbitrary Point M on line segment AB, then

−→
OM =

1+ m
2
−→
OA+

1− m
2
−→
OB (4)

wherem ∈[−1, 1]. Denote the intersection point of y-axis and
line segment AB as Y, then

−→
OY =

1+ y
2
−→
OA+

1− y
2
−→
OB (5)

where y ∈[−1, 1], then the y-axis component of
−→
OM is

−→
OMy =

−→
OY •

−→
OM

||
−→
OY||

(6)

As the denominator of (6) is irrelevant to m, substitute (4)
and (5) into the numerator of (6), and denote the y-axis
component of

−→
OM as a function of m, i.e. f (m), then

f (m) =
V 2
in

2||
−→
OY||

[(1− cos θadj)ym+ 1+ cos θadj] (7)

where θadj is the angle between
−→
OA and

−→
OB. According to (7),

f (m) is a linear function with respect to m. As 1-cosθadj is
positive, when y > 0, the maximum value of f (m) is always
obtained at m = 1; when y < 0, the maximum value of f (m)
is always obtained atm = −1. In other words, the terminal of
the voltage vector with the largest y-axis component is always
located at point A or point B, not any other point on the line
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segment AB. Therefore, in order to achievemaximumVTR
of MC with rotating vectors, virtual vectors are not in the
scope of discussion; it is only necessary to select from the
six rotating vectors a single one with the largest y-axis
component in each control step.

B. STRATEGY OF FINDING THE REQUIRED
ROTATING VECTOR
To begin with, the value of the y-axis component of each
RV is discussed respectively. Take +10 for an example, its
projection on y-axis is

vy(+10) = Vin cos(θVi − θy) (8)

where θy is the angle of the positive y-axis referenced to phase
a axis. According to (8), the curved surface of vy(+10) with
respect to θVi and θy both in the range of (−π , π ) is obtained
with plotting tools, as shown in Fig. 4.

FIGURE 4. Y-axis component of +10 with respect to θVi and θy.

Similarly, the curved surface of the y-axis component of
the other five rotating vectors in the range of θVi ∈(−π , π )
and θy ∈ (−π , π ) can also be plotted, as shown in Fig. 5(a).
According to the above analysis, the selected rotating vector
in each control step is always the one with maximum y-axis
component, therefore the curved surface of the y-axis com-
ponent of the selected vector, i.e. vy, is the upper enveloping
surface of the figure in Fig. 5(a). This enveloping surface
is separately shown in Fig. 5(b), and its top view is shown
in Fig. 5(c). It can be seen from Fig. 5(c) that the range of
θVi and θy can both be evenly divided into 6 intervals, thus
the whole plane of 2π × 2π is divided into 36 sub-areas of
π /3 × π /3; vy is the y-axis component of the same rotating
vector within the same sub-area, and corresponds to different
rotating vectors in adjacent sub-areas. By comparing the top
view with the curved surface of the y-axis component of each
rotating vector, it is not difficult to find out the rotating vector
and its phase angle corresponding to vy in different sub-areas.
The value of the phase angle of the selected RV referenced to
phase a axis, i.e. θact, is shown in Table 2.

To verify the correctness of Table 2, take the range of
θVi ∈(0, π /3) and θy ∈(0, π /3) for example. In this sub-
area, sin(π/3 − θVi) > 0, sin(π/3 − θy) > 0, thus the dif-
ference between the y-axis component of +10 and −11, i.e.

vy(+10)− vy(−11), satisfies

vy(+10)− vy(−11)

= Vin cos(θVi − θy)− Vin cos(2π/3− θVi − θy)

= 2Vin sin(π/3− θy) sin(π/3− θVi) > 0 (9)

Therefore, the y-axis component of+10 is larger than that
of −11. Similarly, it can be deduced that the y-axis compo-
nent of+10 is larger than that of any other rotating vector, and
thus the rotating vector with largest y-axis component in the
sub-area θVi ∈(0, π /3) & θy ∈(0, π /3) is always+10, which is
in accordance with Table 2. In the same way, it can be verified
that the rotating vectors with largest y-axis component in
other sub-areas are all in accordance with Table 2.

C. CALCULATION OF MAXIMUM VTR
According to the value of the phase angle θact of the rotating
vector with largest y-axis component in different sub-areas,
the average value of y-axis component of the selected rotating
vector, v̄y, is

v̄y =
1
2π

∫ π

−π

1
2π

∫ π

−π

Vin cos(θact − θy)dθydθVi

=
Vin
4π2

5∑
k=0

∫
−π+(k+1)π/3

−π+kπ/3

∫ π

−π

cos(θact − θy)dθydθVi

=
Vin
4π2

5∑
k=0

∫
−π+(k+1)π/3

−π+kπ/3

5∑
h=0

∫
−π+(h+1)π/3

−π+hπ/3

× cos(θact − θy)dθydθVi

=
Vin
4π2

5∑
k=0

5∑
h=0

∫
−π+(k+1)π/3

−π+kπ/3

∫
−π+(h+1)π/3

−π+hπ/3

× cos(θact − θy)dθydθVi (10)

From Table 2, θact equals θVi in the sub-area θVi ∈(0, π /3)
& θy ∈(0, π /3), thus∫ π/3

0

∫ π/3

0
cos(θact − θy)dθydθVi

=

∫ π/3

0

∫ π/3

0
cos(θVi − θy)dθydθVi

=

∫ π/3

0
(sin(π/3− θVi)+ sinθVi)dθVi = 1 (11)

Similarly, in each other sub-area, the integral result is
also 1. Therefore

v̄y =
Vin
4π2

5∑
k=0

5∑
h=0

1 =
Vin
4π2 · 36 =

9Vin
π2 (12)

Through similar calculations, it can be obtained that the x-
axis component of the selected vector is 0. Thus the average
amplitude of the output voltage vector is equal to v̄y, and
accordingly the theoretical limit of VTR is

v̄y/Vin = 9/π2
≈ 0.912 (13)
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FIGURE 5. Y-axis component of RVs with respect to θVi and θy. (a) 6 rotating vectors separately. (b) maximum y-axis component. (c) top view.

TABLE 2. Phase angle of the selected rotating vector.

TABLE 3. Parameters of PMSM.

IV. SIMULATION AND EXPERIMENT
To verify the correctness of the theoretical limit of VTR,
simulation and experiments are carried out on a MC-PMSM
system. The parameters of the PMSM are listed in Table 3.
The flowchart of the control algorithm is shown in Fig. 6.

A. SIMULATION
In the simulation, the input and output phase voltage wave-
forms at steady state are shown in Fig. 7(a), and their FFT
results are shown in Fig. 7(b).

According to the fundamental amplitude of output voltage
36.5V and that of input voltage 40V, the VTR is accordingly
0.912, which agrees with the theoretically derived result.

B. EXPERIMENT
The MC-PMSM experiment setup is shown in Fig. 8. The
MC control circuit is composed of a TMS320F28335 digital
signal processor and an EP4CE6 FPGA. The program of
the control algorithm runs in the DSP, and the program of

FIGURE 6. Flowchart of the proposed method.

a modulated four-step commutation of MC introduced in [15]
runs in the FPGA.

In the experiment, the input and output phase voltage
waveforms at steady state under no-load condition are shown
in Fig. 9(a). Fig. 9(b) shows the FFT results of the input and
output voltages. According to their fundamental amplitudes
34.1V and 30.5V, the VTR is accordingly 0.894.

Table 4 shows the measured output voltage and the calcu-
lated VTR results under different input voltage conditions.
Due to unideal factors in the experiment, such as measure-
ment error, the power switch voltage drop and the voltage
drop over resistance caused by the neglected stator current,
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FIGURE 7. Simulation results (a) input and output voltage waveforms.
(b) FFT results.

FIGURE 8. Experiment setup.

TABLE 4. Voltage transfer ratio results of the proposed method.

the actual VTR is slightly deviated from the theoretical value,
but the experimental errors are all within acceptable range.
The experimental results verify the correctness of the conclu-
sion of this article.

For comparison, experiments under FOC at maximum lin-
ear modulation are also carried out. Fig. 10(a) shows the input
and output phase voltage waveforms at steady state under
no-load condition, and Fig. 10(b) shows the FFT results of

FIGURE 9. Experiment results of the proposed method(a) input and
output voltage waveforms. (b) FFT results.

FIGURE 10. Experiment results of FOC under maximum linear modulation
(a) input and output voltage waveforms. (b) FFT results.

the input and output voltages. According to their fundamental
amplitudes 32.5V and 15.5V, the VTR is accordingly 0.477.

More experiments are carried out to calculate VTR under
different input voltage conditions, and the results of both the

153732 VOLUME 9, 2021



W. Deng et al.: Exploring Theoretical Limit of VTR of Matrix Converter Under Constraint of Rotating Vector

FIGURE 11. Voltage transfer ratio at different input voltage.

FIGURE 12. Common mode voltage. (a) proposed method. (b) FOC under
maximum linear modulation.

TABLE 5. Steady state performance.

proposed method and FOC at maximum linear modulation
are shown in Fig. 11. It can be seen that the proposed method
achieves a considerably higher VTR compared with linear
modulation method, as indicated by this paper.

Fig. 12(a) shows the common mode voltage waveform
of the proposed method, and Fig. 12(b) shows that of the
FOCmethod under maximum linear modulation respectively.
As both methods use only rotating vectors, common mode
voltage are almost zero in both methods.

Fig. 13(a) shows the torque and stator current waveforms
of the proposed method, and Fig. 13(b) shows that of the FOC
method undermaximum linearmodulation. Torque ripple and
current THDof bothmethods are listed in Table 5. In addition,
average switching frequency of both methods are measured,
and are also listed in Table 5.

FIGURE 13. Torque and current. (a) proposed method. (b) FOC under
maximum linear modulation.

It can be seen that the proposed method achieves sig-
nificant increase in VTR compared with linear modulation
method, at the sacrifice of evident increase of torque ripple
and current THD. This is inevitable phenomenon, and is
widely accepted in practicality. Meanwhile, as the proposed
method achieves extremely lower switching frequency, and
accordingly lower power loss, it is very fit for high-power
and wide-speed regulation applications at high speed.

V. CONCLUSION
This paper proposes a method of calculating the maximum
VTR of matrix converter using only rotating vectors, which
is 0.912, and simultaneously provides a strategy for thematrix
converter to reach it. Simulation and experiment research
verified that the theoretical maximum VTR 0.912 can be
reached with the proposed strategy, which is more than 80%
greater than the maximum VTR of rotating vectors under
linear modulation area. In addition, the proposed strategy
achieves much lower switching frequency, and accordingly
lower power loss, indicating its potential in high-power and
wide-speed regulation applications at high speed. This paper
reveals the theoretical limit of VTRwith rotating vectors, and
the conclusion will promote the research of RV-based mod-
ulation strategies, and provide support of further theoretical
study and practical applications of RV-based control methods.
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