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Abstract: In asynchronous motor direct torque control systems, the power supply using the matrix
converter can achieve the effect of direct torque control and also has the advantages of the matrix
converter. Nonetheless, direct torque control still has drawbacks in terms of pulsation. In this paper,
the characteristics of direct torque control method and its existing problems are analyzed in depth.
In view of the shortcomings of torque ripple, an improved scheme of torque tracking control is
proposed based on conventional control methods. On the basis of theoretical simulation, DSP and
FPGA algorithms are designed respectively in C language and VHDL to implement the proposed
control strategy. Finally, a highly integrated experimental platform of matrix converter has been
developed to verify the proposed control strategy. The simulation and experimental results verify the
correctness and effectiveness of the improved scheme.

Keywords: matrix converter; direct torque control; torque tracking control; torque performance
improvement; space vector modulation

1. Introduction

In existing AC speed regulation systems, AC-DC-AC type converter and AC-AC type converter
account for a large proportion. The AC-DC-AC converter is widely used in practical work, but with the
improvement of energy saving and emission reductions and greater safety performance requirements,
it still has many shortcomings: (1) Owing to the structural limitations of AC-DC-AC converters, the DC
energy storage link takes up a lot of space, which leads to heavy equipment that is not easy to maintain.
(2) When the motor is in the braking state, due to the presence of the braking resistor, a large amount of
heat that cannot be recycled will be generated, resulting in the problem of low energy efficiency. On the
other hand, this heat will generate high temperatures, which pose a greater threat to inflammable and
explosive working environments and compromise safety [1–3].

Traditional AC-AC converters can realize the frequency change of current and voltage without
too many converter times, but the large number of thyristors used in this converter structure results in
the low power factor of the system. As microelectronics technology and power electronics technology
continue to develop, various power conversion devices have been launched. The direct matrix
converter (DMC) is a unidirectional forced AC/AC conversion system with sinusoidal input current
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and output voltage and a controllable input power factor, but without any energy storage elements [4].
Due to the lack of energy storage components, compared with traditional AC-DC converters, DMC has
higher reliability and a smaller form factor [5,6]. As locomotive traction systems and distributed
energy systems are rapidly developed in industry, it is essential to conduct further research on power
converters with high performances.

After direct torque control (DTC) technology was first proposed by German experts on IEEE in
the 1980s, it developed into a leading technology for AC speed regulation at an astounding pace [7–9].
It omits complicated vector transformation and simplified processing of motor mathematical model,
simple control structure, direct control means, and clear physical concept of signal processing, making
the problem particularly simple and clear. The torque response of this control system is fast, and it is an
AC speed regulation method with high dynamic and static performance [10,11]. There are still some
problems with this method: it requires accurate and effective observation of the stator flux linkage,
the flux torque ripple is large, and the inverter switching frequency is not fixed. When the motor runs
at low speed, the stator resistance voltage will drop, and the control performance is easily disturbed by
external uncertainties [12,13].

It proposed a direct torque control strategy based on a four-dimensional switch table,
which increases the number of selectable voltage vectors, but also increases the complexity of
control [14]. In [15], SVPWM was introduced into the DTC algorithm. This method obtains motor
variable error through the PI controller, and then calculates and obtains the space voltage vector,
and then synthesizes the voltage vector through SVPWM and outputs it. As a result of the inherent
properties of the PI regulator in practice, the SVPWM-DTC algorithm cannot cope with changes in the
inherent parameters of the motor operation process, torque pulsation and load disturbances still exist.
Reference [16] adopted a double closed-loop torque and flux linkage DTC strategy based on space
vector pulse width modulation, which can effectively reduce torque ripple and has good dynamic and
steady-state performance. However, as this strategy uses space vector pulse width modulation, the
amount of calculation is large. It used sliding mode control for torque control, and obtained the DTC
algorithm based on SMC, which reduced the flux linkage and torque ripple amplitude. Generally, the
sliding mode speed controller is generally used in vector control, and when the sliding mode structure
is used in direct torque control, it is generally used for torque and flux control, so it is relatively
complicated [17].

In this paper, a direct torque control strategy for high performance speed control system of
induction motor powered by matrix converter is implemented. The asynchronous motor powered by
the direct matrix converter adopts the direct torque control method, which can exert the advantages
of both, such as: (1) high output power factor, about equal to 1; (2) rapid torque response of the system;
(3) good input current waveform and less harmonic content [8,9].With this control strategy, the space
vector modulation algorithm of matrix converter and the direct torque control of induction motor based
on stator field orientation can be realized simultaneously [18]. The dynamic and static performances of
torque and flux linkage in asynchronous motor direct torque control systems are analyzed in depth.
Aiming at the defects of torque ripple, an improved scheme of torque tracking control is proposed
based on the conventional control method. The direct torque control experiment was completed on the
MATLAB/Simulink platform. The results of simulation and experiment show that the improved AC
speed control system can reduce the torque ripple and improve the performance of the whole system.
DTC not only has good robustness, but also has fast and precise control effects.

2. Basic Principle and Modulation Strategy of Direct Matrix Converter

2.1. Status of Direct Matrix Converter

As a new type of AC-AC inverter, DMC has many advantages: it realizes the bidirectional flow of
electrical energy, the input current and output voltage are sine waves, the input side power factor can
be adjusted arbitrarily, no intermediate DC energy storage link, small size, compact structure, and low
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harmonic pollution. Hence, DMC has become a research hotspot of AC-AC frequency conversion and
has been valued by researchers at home and abroad in the field of motor drive.

2.2. Basic Principle of Direct Matrix Converter

The most general topology of a direct matrix converter is shown in Figure 1. It is a 3 × 3 matrix
array composed of nine bidirectional switches, and each bidirectional switch is composed of IGBTs
and diodes [6].
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2.3. Modulation Strategy of Direct Matrix Converter

In order for the direct matrix converter to work properly, two important principles need to be
followed:

(1) No short circuit between any two phases of the three-phase input terminals a, b, and c of the
matrix converter.

(2) The three-phase output terminals A, B, and C of the matrix converter cannot be disconnected
between any single phases.

Based on the above two important principles, this paper defines

Si j(t) =
{

1 Si j − turn on
0 Si j − turn o f f

i = A, B, C; J = a, b, c (1)

It can get
Sia + Sib + Sic = 1 (2)

This paper defines the control vectors of input and output phase voltages as

Ui =
2
3

(
ua + ube j2π/3 + uce j4π/3

)
i = Uime jαi (3)

Uo =
2
3

(
uA + uBe j2π/3 + uCe j4π/3

)
i = Uome jαo (4)

where ua, ub, uc, uA, uB, and uC are three-phase input and output terminal voltage vectors respectively;
Uim and Uom are input and output phase voltage control vector amplitudes; αi and αo are the phases of
their vectors respectively.

Similarly, this paper defines the space vector of input and output current as

Ii =
2
3

(
ia + ibe j2π/3 + ice j4π/3

)
i = Iime jβi (5)

Io =
2
3

(
iA + iBe j2π/3 + iCe j4π/3

)
i = Iome jβo (6)
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where ia, ib, ic, iA, iB, and iC are the three-phase input and output current vectors; Iim and Iom are
the magnitudes of the input and output phase current control vectors; βi and βo are the phases of
their vectors.

Combining the defined space vector and safe switching principles, the matrix converter has
27 working states in the actual working process which can be divided into three groups. The first
group is called ‘invalid structure’, and the output phase voltage and phase current have no fixed
direction. The second group is called ‘effective structure’, and the direction of the space vector of
the output phase voltage and input phase current is fixed as shown in Figure 2. The third group is a
‘zero vector’ combination of three switches, which produces zero output voltage vector and zero input
current vector.
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3. Principle of Direct Torque Control Strategy of Asynchronous Motor Based on Direct
Matrix Converter

3.1. The Basic Concept of Direct Torque Control for Asynchronous Motors

To achieve the control of the motor speed, the key is to control the motor torque. Direct torque
control is to control the motor torque by changing the flux angle. Direct matrix converter-direct torque
control system consists of voltage space vector table, direct matrix converter, torque regulator, sector
judgment module, motor, etc. The direct torque control of the asynchronous motor is mainly achieved
by selecting different voltage space vectors. The selection of this vector is obtained by synthesizing the
flux control signal, the sector number where the flux is located, and the torque control signal.

3.2. The Principle of Direct Matrix Converter-Direct Torque Control System of Asynchronous Motors

In the DTC control strategy, the key is to control stator flux and electromagnetic torque. The block
diagram of DMC-DTC control system is shown in Figure 3. Specifically, by detecting the three-phase
output voltage and current of direct matrix converter, the amplitude, vector angle, and two-point
hysteresis output of flux are calculated by vector transformation; the reference value of electromagnetic
torque is obtained by PI adjustment of the speed of asynchronous motor, and the hysteresis output of
torque is obtained by comparison with the actual torque. Through the control logic, the feedback value
of electromagnetic torque and the amplitude of stator flux follow the given value in real time to achieve
the purpose of direct control of torque and flux. It can be seen that the advantage of this control is
the direct control of torque. It is not necessary to simplify the mathematical model of the AC motor
for decoupling, which greatly mitigates the problem that the control performance in vector control
technology is susceptible to changes in load parameters. Hence, it largely overcomes the shortcomings
of vector control.
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The observation equation of stator flux and torque of asynchronous motor is ψsα =
∫
(usα − isαRs)dt

ψsβ =
∫ (

usβ − isβRs
)
dt

(7)

θs = arctan
ψsα

ψsβ
(8)

Te =
3
2

np
(
ψsαisβ −ψsβisα

)
=

3
2

np
∣∣∣ψsis

∣∣∣ (9)

where usα and usβ are the components of the stator voltage on the αβ axis; isα and isβ are the components
of the stator current on the αβ axis.

Equation (7) is obtained from the stator voltage and current components by detecting the voltage
and current on the output side of the matrix converter and converted by 3/2. Equation (8) is the sector
angle where the magnetic flux is located, and np is the pole pair number of the asynchronous motor.

The flux regulator output is 1 and −1, the specific logic is

Cψ =

{
1 Eψ ≥ Hψ

−1 Eψ < −Hψ
, (10)

where Eψ is the differential output of the magnetic flux, Eψ = ψ f − ψg; Hψ is the tolerance of the
magnetic flux; 1 indicates that the magnetic flux needs to be reduced, and −1 indicates that the magnetic
flux needs to be increased.
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The torque regulator outputs 1, 0 and −1, the specific logic is

CT =


1 ET ≥ HT

0 −HT < ET < HT

−1 ET ≤ −HT

(11)

where ET is the torque differential output, ET = T f − Tg; HT is the torque tolerance; 1 means the torque
needs to be reduced, −1 means the torque needs to be increased, and 0 means the torque remains
unchanged.

Based on the above analysis, the relationship between the sectors where the magnetic flux is located,
the torque, and the hysteresis output of the magnetic flux are shown in Table 1, therefore the voltage
space vector of the corresponding output can be obtained by looking up the table.

Table 1. Output voltage space vector selection table of matrix converter

CΨ CT
Sector

1O 2O 3O 4O 5O 6O

−1
−1 U2 U3 U4 U5 U6 U1
0 U7 U0 U7 U0 U7 U0
1 U6 U1 U2 U3 U4 U5

1
−1 U3 U4 U5 U6 U1 U2
0 U0 U7 U0 U7 U0 U7
1 U5 U6 U1 U2 U3 U4

Hysteresis comparison is performed between the actual calculated torque and flux linkage of
the motor during operation with the given reference torque and reference flux linkage value, and the
output logic value is obtained by looking up the table to obtain the required output voltage vector.
Considering the input power factor control, the power factor two-point hysteresis comparator is
introduced to directly control the variable sinϕi, and the output variable sinϕi−Q is 1 and −1. The
specific logic is

sinϕi−Q =

{
1 sinϕi− f > sinϕi−g + εϕi

−1 sinϕi− f ≤ sinϕi−g − εϕi

(12)

where sinϕi−Q is hysteresis output; sinϕi− f is the calculated value of input power; sinϕi−g is the given
value of power factor; εϕi is the tolerance of angle sine; 1 means the power factor needs to be reduced,
and −1 means the power factor remains unchanged.

According to the output voltage space vector and the hysteresis output of the input power factor,
combined with the sector number where the input space voltage vector is located, the switch state
table of the entire system is obtained, as shown in Table 2.

Table 2. Switch table of DMC-DTC control system.

Svi
Sector

1O 2O 3O 4O 5O 6O

Sin 1 −1 1 −1 1 −1 1 −1 1 −1 1 −1
U1 −3 1 2 −3 −1 2 3 −1 −2 3 1 −2
U2 9 −7 −8 9 7 −8 −9 7 8 −9 −7 8
U3 −6 4 5 −6 −4 5 6 −4 −5 6 4 −5
U4 3 −1 −2 3 1 −2 −3 1 2 −3 −1 2
U5 −9 7 8 −9 −7 8 9 −7 −8 9 7 −8
U6 6 −4 −5 6 4 −5 −6 4 5 −6 −4 5

The required output voltage vector is obtained by querying Table 1, and combined with Table 2
to obtain the required switching state, so as to directly and quickly reach the goal of controlling
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the magnetic flux and torque; therefore, the stator flux and electromagnetic torque can achieve the
desired results. As a result, the magnetic flux waveform is circular, and the torque response is fast and
follows the reference value [8].

4. Performance Improvement of Direct Torque Control System

4.1. Torque Ripple Analysis

In digital control systems, the sampling period is generally fixed. In the basic direct torque
control strategy, generally only one voltage vector is output during a sampling period. In this way,
the magnitude of the error between the motor output torque and the command value is determined by
Equation (13).

Lσ d
dt Te = np

(
→

ψr ×
→

Us

)
− npωr

→

ψs·
→

ψr −RmTe

⇒ ∆Te = T̂e − Te
∗
≈

Ts
Lσ

[
np

(
→

ψr ×
→

Us

)
− npωr

→

ψs·
→

ψr −RmTe

] (13)

Figure 4 shows a schematic diagram of torque fluctuations. The following analyzes how the
torque varies with the rotation speed ωr and torque when the sampling period is constant.
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From Equation (13)

T̂e max − Te
∗
≈

Ts

Lσ

[
np

(
→

ψr ×
→

Us

)
− npωr

→

ψs·
→

ψr −RmT̂e

]
(14)

T̂e min − Te
∗
≈

Ts

Lσ

[
−npωr

→

ψs·
→

ψr −RmT̂e

]
(15)

Subtract (14) from (15) to get

∆T̂e = T̂e max − T̂e min ≈
Ts

Lσ
np

(
→

ψr ×
→

Us

)
≈

np·Ts

Lσ

(
→

ψs ×
→

Us

)
(16)

It can be seen from (16) that the upper limit and lower limit of torque fluctuation are different,
and the magnitude of load and speed are independent.

From (14) and (15) we can know:

1. When the motor is running at high speed or medium speed and heavy load, the torque rise
may be less than the torque drop during one sampling period. The actual average torque has a
negative offset from the command value.

2. When the motor is running at medium lower speeds and heavy load, the rise of torque may be
approximately equal to the drop of torque during a sampling period. The actual average torque
is basically equal to the command value without bias.

3. When the motor is running in the low speed range, especially when the very low speed is close to
zero speed, the torque rise may be greater than the torque drop in a sampling period. The actual
average torque has a positive offset from the command value.

The above three conditions result in three different torque ripple waveforms as shown in Figure 5.
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Table 3. DMC-DTC simulation parameters

Variable Parameters Value

PN Rated power 3 kW
UN Rated voltage 380 V
Rs Stator resistance 0.2 Ω
Rs Stator inductance 2.2 mH
Rr Rotor resistance 0.42 Ω
Lr Rotor inductance 2.2 mH
Lm Mutual inductance 1.56 mH
np Pole pairs of motor 2

Another phenomenon is also noteworthy, namely the zigzag pulsation of torque. It is clearly
shown in Figure 6a,c. One is the saw tooth of periodic uplink and the other is the saw tooth of
periodic downlink, both of which are caused by the different rate of torque change when the torque
increases or decreases in a sampling period.

4.2. Torque Tracking Algorithm

In the period of action of a non-zero working vector, this method shortens the action time of
non-zero vector at a proper time, and inserts zero vector in the remaining time, therefore the torque error
in this beat tends to zero as much as possible, so as to achieve the purpose of reducing torque ripple.

It is assumed that according to the current torque and flux regulator output, the non-zero vector
→

VK to be applied for the next beat has been selected as its acting time TK, and the zero vectors will be
applied for the remaining time TS − TK.

At this time, the torque error is: ∆T̂e = Te
∗
− T̂e > 0.

Then, in the time of 0 ∼ TK the torque rise change is

∆T̂e ↑=
1

Lσ

[
np

(
→

ψr ×
→

VK

)
− npωr

→

ψs·
→

ψr −RmT̂e

]
·TK (17)

Similarly, in the time of TK ∼ TS, the decrease of torque is

∆T̂e ↓=
1

Lσ

[
−npωr

→

ψs·
→

ψr −RmT̂e

]
·(TS − TK) (18)

To make the torque error tend to zero in one beat, there is

∆T̂e = ∆T̂e ↑ +∆T̂e ↓ (19)

Replace (17) and (18) into (19) and we can get

TK =
Lσ∆T̂e +

(
RmT̂e + npωr

→

ψs·
→

ψr

)
TS

np

(
→

ψr ×
→

VK

) (20)

Considering
→

ψs =
→

ψr, (20) can be simplified as

TK ≈

Lσ∆T̂e +

(
RmT̂e + npωr

∣∣∣∣∣→ψs

∣∣∣∣∣2)TS

np

(
→

ψs ×
→

VK

) (21)

For the time value calculated by Formula (21), the following two points are discussed:



Energies 2020, 13, 3247 10 of 17

1. TK ≥ TS, indicating that the difference between the torque and the command value is large at this
time, and the non-zero vector effect cannot reach the command value, therefore it is not necessary
to apply a zero vector, and TK = TS can be used.

2. TK < TS, which means that the torque can reach the command value in one cycle at this time,
therefore the zero vectors need to be added.

Through the above analysis, it is not difficult to find that the torque tracking algorithm plays
a different role in the three torque ripple cases analyzed above, as this method only controls the
amount of change in torque rise, and when the torque needs to fall, the applied is already a zero vector.
The analysis is as follows:

1. For the case shown in Figure 6a, portion above the torque command value to the maximum
torque ripple value will decrease, while the portion below the command value will not change.
However, in this case, the increase in torque is much slower than the decrease in torque. Hence,
the reduction is limited, and the phenomenon of negative offset of average torque still exists.

2. For the case shown in Figure 6b, portion above the torque command value to the maximum
torque ripple will reduce by about half of the amplitude before improvement, and the portion
below the command value will remain unchanged. The total pulsation amplitude will be reduced
to about 70% before improvement, and there will be a small negative offset of the average torque.

3. For the case shown in Figure 6c, portion above the torque command value to the maximum
torque ripple value will greatly reduce. Although portion below the command value remains
unchanged, the improved ripple amplitude will be very small because of the small reduction of
zero vector to torque in this case. In addition, the original average torque positive bias will be
reduced or even eliminated.

Figure 7 shows the simulation results in three cases after using the torque tracking algorithm.
Compared with the results in Figure 6, it can be seen that performance improvement in the middle
and low speed areas, especially in the low speed areas, is quite obvious. Not only is the torque ripple
reduced, but the saw tooth wave is basically eliminated. However, the performance improvement
in the high-speed areas after the improvement is not much. As the torque ripple has less effect on
the high-speed performance of the system than that of the low-speed system, the performance of
the whole system has been greatly improved after using the torque tracking algorithm. Figure 8 is a
comparison diagram of simulation results of system torque characteristics. Figure 9a,b and Figure 10a,b
are the comparison of the speed characteristics and torque characteristics of the motor before and after
the improvement.

At the 10th second, increase the torque T = 10 N·M. In Figure 9, the conventional DMC-DTC
motor speed response is slow, and the torque fluctuation is large. It can be seen from Figure 10 that
after the torque tracking algorithm is adopted, the speed of the motor is identified quickly, and the
torque fluctuation is also small, obviously improving the robustness of the entire system.
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Figure 8. Comparison of simulation torque characteristics.
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Figure 9. Motor speed characteristics and torque characteristics before improvement.
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5. Experiment

This experiment mainly studies the influence of the torque tracking algorithm on the system
torque and speed characteristics. The purpose is to verify whether the proposed improved algorithm
is effective in practical applications.

Experiments were performed on a platform of a matrix converter drag asynchronous motor direct
torque control system, and Figure 11 is structure block diagram of the DMC-DTC experimental system.
The experimental platform is shown in Figure 12. Figure 13 shows the internal modular main circuit
and drive circuit of DMC.
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Figure 12. Experimental platform.

The entire experimental platform is mainly composed of three-phase input power, three-phase
isolation transformer, voltage regulator, matrix converter experimental integrated device, digital signal
processing control board (DSP) and field programmable gate array control board (FPGA), isolated power
supply, filtering device, and other components. Among them, the main circuit of the matrix converter
adopts busbar connection. Compared with the traditional wiring method, it has the characteristics
of small stray inductance and strong anti-interference ability. The 18 PWM signal waves sent from
FPGA are transmitted to the drive circuit through 18 optical fibers. Nine bidirectional switches work,
which has the advantages of fast speed and reliable operation.
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In order to verify the practicability and effectiveness of the strategy proposed in this paper,
an experimental study was conducted on a 3 kW asynchronous motor. The parameters of this motor
are shown in Table 4. In the experimental test platform, the load motor is a 6 kW induction motor.
The load motor and the induction motor are coaxially connected through a coupling to provide a load
for the asynchronous motor. The experimental results are shown in Figure 14, Figure 15, and Figure 16.

Table 4. Motor parameters of experiment

Variable Parameters Value

PN Rated power 3 kW
UN Rated voltage 380 V
RS Stator resistance 0.2 Ω
LS Stator inductance 2.2 mH
Rr Rotor resistance 0.42 Ω
Lr Rotor inductance 2.2 mH
Lm Mutual inductance 1.56 mH
np Pole pairs of motor 2
nN Rated speed 1430 r/min
TN 20 N·m
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The standard deviation σTe of torque is used to evaluate the output torque performance of
the system, σTe is defined as 

σTe =

√
1

N−1

N∑
k=1

(Te(k) − Te)
2

Te =
1
N

N∑
k=1

Te(k)

(22)

where N is the number of samples and k is the k-th individual in the sample.
In order to make the comparison more clearly visible, the steady-state performance comparison

of the motor is listed in Table 5. As shown in Figure 14a,b, the motor speed of traditional DTC
fluctuates greatly and the robustness is poor. The torque of the motor reaches a steady state time of 0.7 s.
Torque standard deviation of traditional DTC is 8.67 N·m. The load torque is suddenly increased to
10 N·m at 10 s. The sudden response time of the motor is 3.3 s. In Figure 14b, the system torque of
traditional DTC still has large pulsation. In Figure 15a,b, the speed and torque ripple and fluctuation of
the improved DTC system are relatively small. The torque of the motor reaches a steady state time of
0.5 s. Torque standard deviation of improved DTC is 4.93 N·m. The load torque is suddenly increased
to 10 N·m at 10s. The sudden response time of the motor is 2.1 s. From the comparison results of
Figures 14 and 15, the proposed torque improvement algorithm has a more obvious effect on reducing
the torque and speed ripples.

Table 5. Comparison of steady state performance of the motor.

Control Method Torque Response
Time

Torque Standard
Deviation ( σTe )

Mutation
Response Time

THD of Motor
Current

Traditional DTC 0.7 s 8.67 N·m 3.3 s 15.74%
Improved DTC 0.5 s 4.93 N·m 2.1 s 9.65%

From the comparison results in Figure 16, the current THD of the traditional DTC is 15.74%,
and the current THD of the improved DTC is 9.65%. This means that the torque and flux ripple will
be reduced. The system performance will be improved.

6. Conclusions

The torque ripple is analyzed in detail, and an improved method of torque tracking control is
proposed. During the period of non-zero working vector action, this control strategy adjusts the
non-zero vector and zero vector action time appropriately to reduce the torque ripple. Simulation and
experimental results show that:

(1) The output power factor of the DMC-DTC system is high.
(2) The system torque response is rapid, direct torque control has the advantages of simple rules,

direct control means, and rapid torque response. However, the control performance is still
insufficient in some aspects.

(3) An in-depth theoretical analysis of the above-mentioned performance defects and the causes
of such deficiencies were carried out, and an improved method of torque tracking control was
proposed to reduce torque ripple.

(4) The quality of the output current waveform of the system is improved, and the harmonic content
is less. The matrix converter-direct torque control system proposed and implemented in this
paper has a simple structure and clear ideas. It has laid a good foundation for the development of
high-performance frequency conversion speed control system.
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