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ABSTRACT:

In this paper, the direct torque control torque based on space vector modulation (DTC-SVM) for permanent magnet
synchronous generator connected to the variable-speed wind power generation system will be discussed. One of the
most widely used converters in industry to convert voltage is back to back converter that is used due to its good
features. The main use of space vector modulation is in the voltage source inverters and 3-phase current source. DTC
method reduces the limitations and complexity of operation, so the price of Replay torque and flux machines are high
which made the DTC-SVM method as an alternative. The possibility of over-voltage matrix converter is on both sides.
In some methods, sampling frequency is required and is some high frequency is required. The sampling frequency in
the spatial vector modulation method is far less than the direct control of the torque with the matrix converter.

KEYWORDS: PMSG, Direct Control Torque, Ac-dc-ac Convertor, Space vector Modulation, Matrix Converter.

1. INTRODUCTION

The abundant advantages of Permanent-Magnet
Synchronous Generator (PMSG) such as high
efficiency, simplicity in control, power density, and
high reliability have been considered as the good
reasons for the replacement of induction generators. In
the past, one of the controlling way, regarding PMSG,
was Field Oriented Control (FOC), having its own
specific disadvantages including heavy reliance and
high dependency to motor parameters and rotor speed.
Direct Torque Control (DTC) was proposed in 1986,
now considered as one of the control methods. DTC
has many advantages including simplicity,
independency to motor parameters and etc. but variable
switching frequency, complexity and high distortion
are considered as its disadvantages [2]. Nowadays,
Back to Back Convertors are one of the most useful
convertors for the conversions of AC voltage, at the
side of generator, to a desired AC voltage, at the side of
Net [3].
When Space Vector Modulation was introduced, it
resulted in providing more accurate and continuous
voltage vector [4]. A quasi-sliding controller, utilizing
relatively low auricular sampling (e.g. 5 KHz or 10

KHz), was proposed for the rotor position estimation
and the relation of stator variable, based on the current
model of PMSG in a wider application range and
domain. Optimized Torque Steering by which the
maximum propulsion control of power output of Wind
Turbine, without requiring wind speed measurement or
rotor position sensors, is provided, is directly gained
through the rotor estimation speed for DTC. In
comparison with the current and prevalent DTC, the
suggested Space Vector Modulation Direct Torque
Control provides a fixed transmission frequency so that
it significantly decreases a lot of fluctuations of torque
and flow, and it also protects the system dynamic
reactions. The increase of considerations in relation to
energy crisis as well as environmental pollution has
significantly expanded the use of wind energy in last
two decades. Among the different wind power
generating systems, Variable-Speed Wind Turbine
Generators have gained much of attention due to high
efficiency of energy production in them and too low
torque impact [6]. In such systems, WTGs can act with
the maximum output power for receiving the maximum
wind power by the speed regulation of their main axis
[7]. We have understood that Permanent-magnet
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synchronous generators (PMSG) are appropriate for the
wind power generation systems due to their advantages
such as high output power density, high efficiency, and
high reliability [8]. Additionally, a PMSG, with many
poles, can directly attach to a wind turbine, without
using a driving force transmission box, gear box, so
that it significantly decreases the manufacturing,
operating and repairing costs [9]. These advantages
have caused WTGs based on PMSG, having direct
driving force, to be introduced as the most efficient
equipment in the multi-MW marine applications.
Usually, in the control systems, PMSGs get benefits
from a control method of detached streaming in which,
in a reference frame, circulating simultaneous dq is
used [10]. The efficiency of these vector controls with
regulated streams is highly relied on the accurate data
of rotor position. To produce accurately detached
signals with Park transformation, it is required to use an
electromechanical position gauge [11]. In recent
decades, one method was proposed for Direct Torque
Control and it was used in the Permanent-magnet
synchronous generators (PMSG) in order to eliminate
the dependency of control systems to rotor positions
and machine variables [12], [14]. In DTC systems,
inverter and machine are considered to be integrated so
that stator voltage vectors can be directly chosen for the
creation of difference among reference torque, real
torque and stator streaming connection. This method
not only eliminate the complex calculation of
converting the reference frame and the high
dependency of the detached streaming control to the
system variables but also perform faster torque
reactions [15]. Additionally, the studies conducted by
the researchers have caused DTC to be utilized in high
efficient motorized and automated systems. For
instance, ABB has begun to manufacture related
industrial products [16].

The basis of DTC designation is founded on two bases:
magnetic induction measurement and Switching Sensor
Technology (SST). Despite this fact, the performance
of SST-DTC is simple, its weakness, the frequency of
unstable switch with extreme impact in the stream and
rotor is inevitable and obvious. For a WTG, irregular
impacts of torque result in the creation of excess stress
on the main axis, decrease the turbine circulation life
and make loud noises [32]. Many researchers have
tested many approaches for these problems, one of
which is the integration of a space vector modulation
(SVM) with DTC, an effective method. In other hand,
the efficiency of a DTC system is significantly relied
on the stator flux linkage because both control
variables, torque and stream, are formed by the stream
continuity [17]. In common designations of DTC, flux
linkage is formed by the integration of stator induction
voltage, although other factors such as voltage increase
of direct stream in conductor and the stator resistance
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changes upon errors accumulation, it decreases the
integration efficiency. Although these issues, as it was
stated in reference [18], can be compensated, the
performance of algorithms in applied systems are so
perplexing. In the reference [19], a sliding mode
controller was prepared for rotor position estimation for
the sensor less control of PMSMs [29]. A stator flux
controller has used a sliding mode approach, though in
order to reach sliding mode, high sampling rates (e.g.
20 KHz) or many samplings are required and it needs
many computing resources and it is limited in the
performance of applied systems. Collision problem,
using the application of sign change, is another
fundamental problem which is needed to be performed
in sliding mode controller.

This article proposes the designation of a DTC based
on SVM for the PMSG wind turbines, with direct
driving force in which the control of Maximum Power
Point Tracking (MPPT) is done without measuring
wind speed generator rotor position [31] and it results
in creating the sensor less control of speed or the
position for WTG systems. The optimized torque
control which is produced by MPPT algorithm can be
directly used in the DTC system, usually creating
external speed control loop in the wvector control
system. To minimize the upload of CPU in performing
applied systems, a stator flux controller, in a quasi-
sliding mode, has been proposed that is of low
sampling rate, regularly lower than 10 KHz, and are
used for achieving the high accurate stator flux control
in the wide domain of PMSG. With the adoption of the
suggested designation, torque impacts and flux
decrease and they protect fast kinetic reaction of the
system in comparison with common DTC designations.
The suggested design of DTC is useful through
simulation in PMSG wind turbines, with direct driving
force and output power of 1.5 MW, and the provided
experimental results is valid for the PMSG wind
turbines with direct driving force and output power of
2.2 KW.

2. MODELING A PMSG WIND TURBINE

The generator proposed in the present article is a
PMSG generator. The equations used for the modeling
are as following:
dig 1

- E[ ¢ +PogLqiq —Rgid] )

di 1
q . . .
E:L_[ q +pcog(Ld|d —le)—quq]

q
(2)
3 .
Te= 3 PAtig ©)
Where:

Id and Iq : stator streams
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Ud and Ud : stator voltages

P: the number of pairs of poles

Lg and Ld : stator inductance

Rd and Rq : stator resistance

M : Mutual inductance

If : rotor equivalent circuit

YT : Quick magnetic flux

PMSG dynamic equations in park transformations are
as following:

di _ .

d(':ﬂ =A'|Saﬁ +(Usaﬁ —eaB) (4)
_Rs 0 1 0

Al Ls | Ls ;3-_|:eai|
L ) [0l -
0 _Rs 0 1 €p
LS LS
b axis Direction of

rotation

Fig. 1. d-g axis in a synchronous machine

3. DIRECT TORQUE CONTROL (DTC) BY
CONVERTERS BACK TO BACK

3.1. back to back convertor (ac-dc-ac)

Back to back convertor, so called ac-dc-ac is one of
the powerful electronic convertors, used in the wind
turbines. In the present article, back to back convertor
is used for the PMSG wind turbines having variable
speed. In order to have a good application of the back
to back convertor, dc-link voltage, according to
equation 5, must increase to a level of at least twice the
peak voltage network:

Ve =242V, )

Ac-dc-ac convertor consists of two three-phase
classes. To analyze the circuit of the convertor in real
points, the average switch modeling is used.
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The system relations and equations of the convertor
of the generator is as following:

. di; 2S, =S, -S
Va ZRiIai+Lid—:l+Vdca—bc

3
. dip; -S, +2Sy, -S
Vb:Ri'bi"'Li%"'Vdcw
. diq =S, -S; +2S
VC:RiICi+Li£+VdC¢
dt 3 (6)

Accordingly, voltage relations for the convertor of
the network is as following [20]:

. di 2D, -Dy, -D
Va =—Rglao Lo d(?[o +Vge — 3b ¢
. dlb -D +2Db—D
Vp =—Rglp —Lg dto +Vge a 3 ¢
. di -D, -Dy +2D
Ve =—Rglgo—Lg €0 +Vge a b T
dt 3 ©)
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The power electronic convertors have important
roles in the systems of converting energy. For instance,
wind turbines, in variable speed, act in accordance with
the available wind speed [20]. The produced voltage,
through wind turbine in the generator terminals, has
variable and alternative domain. Therefore, the
produced power, before being delivered to the network,
must go through a process [20]. The convertors are
separated by the dc link. The field of generator consists
of 6 IGBT keys [20].

AC-DCAC Converter

powegi

Fig. 4. Ac-dc-ac converter-simulated turbine system at
PMSG wind

3.2. Direct Torque Control

One of the most efficient methods in controlling
electrical machines is DTC method. DTC method
decreases vector restrictions and complexities. This
results in the increase of torque and flow ripples.
Moreover, these problems are negligible due to the
simple benefits of the method and at the same time they
are somewhat eliminated through using some methods
[30].

What makes this control method more powerful and
strong is its dependency to the machines parameters. In
other hand, to construct the stator flux as well as
torque, the only parameters of motor which must be
measured is the stator resistance. Thus, the sensitivity
of control system to the changes of machines
parameters, while working, is so low and in this control
method also needs to have flux location (Stator flux
angle).

The basic principle of DTC is that it directly selects
stator voltage vectors regarding the errors happening
between reference value and the torque and flux value.
The investigation and the control of flux and torque is
performed by non-linear transformations on the
Hysteretic  Controllers [22]. If there is no
interdependency of the transformations to each other, a
bilayer controller for the control of stator flux and a
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three-layer control for the control of torque were used
[22].

The equations of stator voltage can be written as
following:

d
us:RSIS+—c\;15 ®)
And by forgoing stator resistance, the stator flux

equation is as following:

Vs = J.(us)dt ©)

From the equation (9), it can be understood that the
stator flux vector has direct influence on the control of
stator flux vector.

In the DTC method, the stator flux vectors can be
divided into 6 symmetric areas, according to non-zero
voltage vectors [23].

—E,E First area, E,E Second area
6 6 6 2
z,s—” Third area, —5—”5—” Fourth area
2 6 6 6

_5_”1_1 Fifth area, —E,—E Sixth area
6 2 2 6

A4
2
=U,
Fo,
©O1}-1)
Vi7 Vb2 Vie 2U,

(-111) (011)
(-100)

V25

Vio
D (0-11)

Fig. 5. Division non zero vector in DTC method

Finally, the output signals of flux and torque
controllers are as following:

If —>|lPS|>|\PS_ref|+H\P (Flux increase) dyg =1 (10)
If —)|‘“PS|<|“PS_ref|— Hy (Flux decrease) dy, =0 (11)

If > Mg)Mg_tes +Hp (Torque increase) dpge =1(12)
If &> Mg(Mg_es —Hpy (Torque decrease) dy =0 (13)
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In the above equations, Hy,, and Hyg are

hysteresis bands of torque and flux, respectively. The
appropriate voltage vector is selected by the digital
values of dMe and dYs and the information of stator
flux position are chosen by switching table [23]. After
selecting the appropriate voltage vector, the switching
table sends the control pulses to the convertor switches.

In each area, two adjacent voltage vectors which
cause the creation of the lowest switching frequency
are selected for the increase or decrease of stator flux
domain and electromagnetic torque [24].
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4. DIRECT TORQUE CONTROL-SPACE
VECTOR MODULATION (DTC-SVM)

A The DTC-SVM method has been able to improve
the efficiency of flux and torque to a great quantity and
due to two reasons:

Gaining fixed switching frequency
Decreasing torque and flux ripples

In the several decades, one method (DTC) was
proposed by direct torque control and in order to

Fig. 7. Block Diagram of SVM method in Matlab
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eliminate the dependency of the control systems to
rotor positions and machine variables, they have been
employed in permanent-magnet synchronous generator
(PMSGQG). In DTC systems, the inverter and machine are
considered as a unit so that the stator voltage vectors
can be directly selected for the creation of difference
between reference torque and real torque and the stator
stream connection. This method not only eliminate the
need to complex computation for converting reference
frame and high dependency of detached stream control
to the system variables but also cause more fast torque
Reactions. Additionally, many studies conducted by the
researchers have caused DTC to be widely used in the
motorized and automatized systems, having high
efficiency. The main idea DTC-SVM is based on the
computation of torque equations.

:Ep[‘\u_s‘\ypmSinew

Me
2 Lg
2 . (14)
_stl (Lq —Lg)Sin23,,
24l
By considering Ld=Lg=Ls, we have:
3 |\Vs|‘l’pm8ine\u
M, ="p ——/—%2 7 15
e =5 p{ L. (15)

In this equation:

‘w_s‘ : Domain of stator fixed flux

Vpm : Produced flux by permanent magnet
8, : Torque angle

P: number of pole pairs

0 y - Stator flux vector

The scheme of DTC-SVM method in the generator
in the figure 9 and the scheme of DTC-SVM method
for PMSG wind turbine in figures 10 and 11 have been

SVM

z

e?
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shown. [16].

In figure 9, T and ¥ are torque and stator quick
magnetic flux, respectively [17]. The schematic figure
of DTC-SVM is shown for a PMSG WTG or non-

leading poles in figure 10 [10] in which T and [ws*]
are reference torque and stator flux value, respectively,
and the wind turbine is directly attached to a PMSG.
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Fig. 9. Block Diagram of DTC-SVM

The produced electric power is transferred to a
powerful network or conversed to charge/load through
a convertor with variable frequency including a
Machine-Side Convertor (MSC) and a Grid-Side
Converter (GSC), attached to back to back direct

stream connection. In figure 11 Wg,z =[‘PSQ,‘PS£,]T

D ——

and Ugyp =[usa,usﬁ ]T are leakage flux vectors of
stator and the space resultant vector of stator voltage in

coordinate a—/f Also, ére and ®; are electrical
angle position of rotor and speed of rotor [25].

Position and Stator
Flux Estimation

QSMO-Based Rotor

]

sabc

Fig. 10. Schematic of the proposed SVM-DTC for a direct-drive PMSG wind turbine.
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5. SIMULATION

In this section, we investigate torque, stream ripple,
and voltage ripple in the both DTC and DTC-SVM in a
PMSG with the following characteristics:

Table 1. The PMSG parameters

Number of pole pairs 4
Voltage 230/400 volt
Power 2.2 kw
Stator resistance 2.81 ohm
Rotor resistance 2.78 ohm
Rotor inductance 8.4 Mm Henry
Stator inductance 8.4 Mm Henry
Rotational speed 1420 rpm

In the figure 12, it is observed that the torque has
improved in the DTC-SVM stream. As it is shown in
the table, the distance of torque impact peaks in the
time of using suggested DTC are always lower than 1
KN m (0.12 % torque is permissible). However, when
common DTCs are used, the distance of torque impact
peaks will be, accidently and unpredictably, more than
KN m (figure 2). Therefore, the use of DTC-SVM,
whose change frequency is approximately a quarter of
common DTCs, is suggested and they can significantly
decrease torque impacts (more than 80%).

In the following section (figure 13), the simulated
voltage output will be shown, and it shows that the
voltage ripples are drastically reduced and the more
sinusoidal output, strongly needing circuits and design,
is made in this method.
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Fig. 13. Reduced voltage and current ripple in DTC-
SVM method (up) compared to the DTC (down)

6. The comparison of DTC-SVM with DTC in
Matrix convertor

In the wind generators, the real power is injected
due to the swinging and fluctuating nature of wind
energy and this causes the fluctuation of voltage and
Flickr. For this reason, in order to consolidate and
control the terminal voltage domain, the power control
injection to the network is used. In addition to the
abovementioned advantage, the reactive power control
is used in the large wind generators and in wind farms,
attached to the transmission network, as a means of
increasing the system stability and sustainability as
well as a tool for compensating local loads reactive
power in the wind generators attached to the
distribution and high-distribution system so that it
results in casualties reduction and the network capacity
[26].
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The severely excess voltage in Matrix convertor's
input and output causes some crucial problems for the
application of the convertor due to the AC single-stage
conversion, the lack of storage element, and the lack of
pathway mediator of intrinsic freewheeling for passing
through inductor stream [26].
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Fig. 13. Block diagram of DTC method for matrix
converter

The most commonly suggested approach for the
protection of matrix convertors against the excess of
output and input voltage is to use clamping circuit. In
this circuit, when the convertor keys are opened, the
storage energy in the circuit inductors are transmitted to
the clamping capacitor through the quick diodes. In the
back to back convertor, if there is an error or network
voltage drop at the time of controlling motor speed, the
storage energy in DC link capacitor is shortly used for
the protection of output voltage and the speed fixation
and control [27].

In the present article, controlling methods, in
accordance with the advantages, such as theoretical
complexities, load stream quality, dynamic response,
sampling frequency, switching frequency, and the
severity in input filter are put under investigation.
According to the results gained from the simulation of

Vol. 11, No. 3, September 2017

DTC-SVM and the matrix convertor method, the
advantages and disadvantages of each of these methods
are stated.

Also, in some methods, sampling frequency and in

others high frequency is required. Sampling frequency
in SVM, by far, is lower than the approach of Direct
Torque Control with matrix convertor.
The escalation in input filter for switching matrix
convertor is considered as an important issue. The
significant issue which was not concerned in previous
sections is that DTC-SVM, regarding the behavior of
input filter, has an important influence on the harmonic
distortions caused by input filter. In other hand, the
methods such as "Ventura and Roy" and space vector
modulation, working through fixed switching
frequency, decrease the escalation mood of input filter.
As it is shown in the figure 3-5[28], the ripple rate
existed in DC voltage for each of SVM and matrix
convertor can be compared and in this case, the
superiority of SVM is obvious. The decrease rate of DC
link voltage ripple is effective in the application of
DTC route.

According to the figure 15-5 [28], the decrease of
the torque harmonic distortions estimated by DTC-
SVM proves this claim. In the following, according to
the figures 1-5 to 3-5, an abstract of simulation results
of control methods of DTC-SVM and DTC-MC is
suggested.

In the table 2, a complete comparison of approaches
DTC-SVM and matrix convertor has been shown. As it
was stated, the SVM method, regarding theoretical
basis and mathematical equations, is more complex
than matrix convertor method [27]. In DTC, each
switching mood effect on torque behavior, flux and
input power factor, must be concerned. The big
difference between these two methods is switching
frequency. The approach based on SVM is working by
fixed switching frequency and matrix convertor method
is working by variable switching frequency. In
additional to this, switching frequency is lower in SVM
than matrix convertor method. In other hand, the
transient response mood is more desirable in SVM-
DTC.

Table 2. Comparison of space vector modulation of matrix converter

Control Sampling Dynamic Escalation of Complexity Switching

methods frequency response input filter theory frequency
SVM -DTC low Good low too high low
MC -DTC too high Fast too high high high
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7. CONCLUSION

According to the use of PMSG wind turbines and
increasing development of electrical instruments and
the improvement of control methods, it can be
concluded that SYVM-DTC in the ac-dc-ac convertor
improves the condition of torque, stream ripple, voltage
and etc.

Also, it must be pointed out that the fixed switching
frequency is gained through PI controller and SVM
block. This method, as indicated in the text, eliminates
the DTC disadvantages and it can be an appropriate
alternative for DTC method in PMSG wind turbine. In
the present article, the use of SVM-DTC method is
proposed to decrease torque ripple stator flux of PMSG
generators. In the results gained from simulation, the
superiority of SVM method is obviously shown.
Although the theoretical complexity of matrix
convertor modulation method is less than the control
method of SVM, it is not possible to simply neglect the
harmonic distortions resulted from DC link voltage
ripple. In both methods, load stream has been suggested
with high quality. The biggest difference is that the
SVM works by fixed switching frequency and matrix
convertor method by variable switching frequency.
Direct Torque Control is used to control the flux and
output torque of the generator, but has some
disadvantages, the most important of which are torque
ripple and the relative high flux.
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