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Abstract

Enhanced Direct Torque Control of Permanent Magnet

Synchronous Motor Using Sliding Mode Control Theory

The direct torque control (DTC) was proposed as an alternative to the vector
control in the middle of 1980s for AC machines control. This strategy is based on the
direct determination of inverter switching states and offers a simpler scheme and less
sensitivity to machine parameters. However, the variable switching frequency of DTC
causes high flux and torque ripples which lead to an acoustical noise and degrade the
performance of the control technique, especially at low-speed regions.

In the objective of improving the performance of DTC for the Permanent
magnet synchronous machine, this thesis addresses the most important points
concerning this issue. The reduction of high ripples, which are the major drawbacks,
by applying a constant switching frequency using the space vector modulation
(SVM). Then, this thesis presents the sliding mode control to improve the speed
control in DTC algorithm and to ensure a robust control against different uncertainties
and external disturbances.

Keyword: Permanent Magnet Synchronous Machine (PMSM), Direct Torque Control
(DTC), Space Vector Modulation (SVM), Sliding Mode Control (SMC),
MATLAB/Simulink.
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General Introduction

Nowadays, the AC machines have replaced the DC machines in industry
applications because of their advantages, such as, the reliability and the lack of
commutator and brushes which make them able to work under unfriendly conditions.
The most popular AC machines are the induction motors (IMs) and the permanent
magnet synchronous motors (PMSMs). They are used in various industrial
applications, electric vehicles (EV), tools and drives etc.

Recently, an increased interest in application of permanent magnet
synchronous motors (PMSM) in speed-controlled drives has been observed. This is
stimulated mainly by:

— Development of modern high switching frequency semiconductor power
devices (as for example IGBT modules of 5-th generation),

— New rare earth magnetic materials as samarium-cobalt (Sm-Co) or
neodymium-iron boron (Nd-Fe-B).

— Specialized digital signal processor (DSP) for AC drive applications with
integrated PWM function, A/D converters as well as processing of encoder
signals (e.g. ADMC401, TMS320FL24XX, TMS320FL28XX).

Synchronous motors with an electrically excited rotor winding have a
conventional three phase stator winding (called armature) and an electrically excited
field winding on the rotor, which carries a DC current. The armature winding is
similar to the stator of induction motor. The electrically excited field winding can be
replaced by permanent magnet (PM). The use of permanent magnets has many
advantages including the elimination of brushes, slip rings, and rotor copper losses in
the field winding. It leads to higher efficiency. Additionally, since the copper and iron
losses are concentrated in the stator, cooling of machines through the stator is more
effective. The lack of field winding and higher efficiency results in reduction of the
machine frame size and higher power/weight ratio.

In the early decades, the PMSMs have been operated directly from the grid
Under a fixed frequency/speed. Later, with the development of modern semiconductor
devices and power electronic converters, these machines had become able to operate
with adjustable frequency/speed by supplying them through a power converter like

the voltage source inverter (VSI). The employment of the variable speed motor drive



in open loop may offer a satisfied performance at steady state without need of speed
regulation for simple applications. But, in cases where the drive requires fast dynamic
response and accurate speed, the open loop control becomes unsatisfactory.
Therefore, it is necessary to operate the motor in a closed loop mode. Several
techniques have been proposed for this purpose. They are classified mainly into scalar
and vector controls. The scalar control, that called also volts/hertz, is a simple strategy
which is applied to control the speed of PMSMs based on the constant ratio of voltage
magnitude and frequency using the steady-state equivalent circuit model of the
machine. However, this method does not dedicate for high performance applications
due to its slow response and the existence of coupling between torque and flux. The
vector control, which is known also by the field-oriented control (FOC), was
developed to overcome the limitation of the scalar control. It was presented in the
1970s by Hasse and Blaschke [6] to provide an independent control of torque and flux
in similar way to the separate excitation DC machine. The vector representation of the
motor quantities makes it valid to work in both steady and dynamic conditions; this
achieves a good transient response. In the control algorithm of FOC based on the
transformation to the synchronous frame, all quantities will appear as DC quantities.
Nevertheless, the main disadvantages of FOC are the coordinates transformation
which needs the flux angle that cannot be directly measured, in addition, the
sensitivity to the variation of the machine parameters, like the stator and the rotor
resistances.

Another method guarantees a separated flux and torque control is called Direct
Torque Control (DTC). It was introduced by Takahashi and Nagochi in the middle of
1980s in Japan [7] In contrast to FOC, this control is completely done in stationary
frame (stator fixed coordinates). Furthermore, DTC generates the inverter gating
signals directly through a look up switching table and the use of modulator is not
necessary. It offers an excellent torque response using less model’s parameters than
FOC. Due to its simplicity and very fast response it can be so applicable for high
performance drive applications [43]. However, the standard DTC method suffers from
high flux and torque ripples owing to the use of hysteresis controllers. The insertion
of the space vector modulation (SVM) was a very useful solution [44]. This method,
known by SVM-DTC, reduces the high ripples level in spite of its complexity.

The linear proportional integral differential (PID) controllers have encountered

a wide interest in the industrial applications. However, extra extensions should be
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made to fulfill an acceptable behavior like the output limitation and anti-windup.
Nevertheless, another important issue is proposed for stability reasons in the control
loop. It may be affected by the variation in parameters due to environment conditions
and the external disturbance during operating. Consequently, the use of linear
methods cannot achieve high promising performance.

The development of robust control methods to solve this problem has made a big
achievement recently. The nonlinear controllers can offer several advantages
compared to linear control schemes. Among the interest researches in the field of
nonlinear control techniques is the sliding mode control (SMC) [47; 28].

The sliding mode control is featured by high robust behavior while the
presence of uncertainties. SMC forces the system trajectory to slide along the
switching surface by determined control law. The most powerful advantages of the
SMC are the high robustness against the different system uncertainties, the rapid
dynamic response and the simple implementation.

The objective of this thesis is the improvement of the performance of DTC
driven PMSM using space vector modulation and sliding mode control.

Organization of the thesis

The first chapter summarizes a background about the permanent magnet
synchronous machine, its design and application. Then it presents the dynamic
modeling of PMSM.

The second chapter presents a comparative study between the classical and
the constant switching frequency DTC methods. The third chapter presents the sliding
mode control in order to improve the speed regulation loop of DTC-SVM.

Finally, chapter four present the simulation and the comparison of different

presented control strategies for the PMSM.



1.1. Overview

Electric motors have been commonly used in many applications such as household
appliances, hybrid and electric vehicles, off road traction systems and industrial processes as a
means to convert electrical energy into mechanical energy. Being the largest consumer of
electric power, electric motors have always received the attention of researchers.

Among the different types of electric motors, permanent magnet synchronous motors
(PMSM) which do not require brushes for commutation, are gaining attention due to their high
performance and efficient operation. Having permanent magnets on the rotor eliminates the
rotor current requirement to generate the rotor field. Elimination of the rotor current enables
more efficient operation compared to similar sized induction motors.

Brushless operation ensures lower maintenance requirements and also eliminates the
losses in the brushes. Properties such as lower maintenance cost, high torque density, and low
torque to inertia ratio are making PMSMs attractive alternatives over other motors in
applications such as spindle drives, air-conditioning compressors, cooling towers, electric

vehicles and integrated starters and alternators.
1.2. Classification of Permanent Magnet Synchronous Motors

The physical characteristics of the PMSM are associated with its rotor and stator
structures. The Stator is composed of a three-phase wound such that the Electromotive Forces
(EMF) are generated by the rotation of the rotor field. Furthermore, the EMF can be sinusoidal
or trapezoidal. This wound is represented by the three axes (a, b, c) phase shifted, one from the
other, by 120 electrical degrees [1].

The Rotor incorporates permanent magnets to produce a magnetic field. Regarding
winding, the permanent magnets have the advantage to eliminate the brushes, the rotor losses,
and the need for a controlled DC source to provide the excitation current. However, the
amplitude of the rotor flux is constant. On the other hand, there exist several ways to place the

magnets in the rotor as shown in Fig. 1.1
Following the magnet position, the PMSM can be classified into four major types:

1.2.1 Surface mounted magnets type

The magnets are placed on the surface of the rotor using high strength glue. They present
a homogeneous gap. The motor is a non-salient pole and the inductances do not depend on the
rotor position (Fig. 1.1a). The inductance of the axe-d is equal to those of the axe-q. This

configuration of the rotor is simple to obtain. This type of rotor is the most usual. On the other
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hand, the magnets are exposed to a demagnetizing field. Moreover, they are subject to the
centrifuge forces which can cause the detachment of the rotor.
1.2.2 Inset magnets type

The inset magnets are placed on the surface of the rotor. However, the space between
the magnets is filled with iron (Fig. 1.1b). Alternation between the iron and the magnets causes
a salient effect. The inductance in the d-axe is slightly different from the inductance in the g-

axe.

(a) N (b)

(c) N (d)

Fig. 1.1: PMSM rotor permanent magnets layout: a surface permanent magnet, b inset
permanent magnets, ¢ interior permanent magnets, d flux concentrating.
1.2.3. Interior magnets type
The magnets are integrated in the rotor’s body (Fig. 1.1c): the motor is a salient pole

type. In this case, the rotor magnetism is anisotropic, the inductances depend on the rotor
position. The magnets are placed in the rotor, providing more mechanical durability and
robustness at high speeds. On the other hand, this motor is more expensive to manufacture and
more complex to control.
1.2.4. Flux concentrating type

As shown in Fig. 1.1d, the magnets are deeply placed in the rotor’s body. The magnets and

their axes are radial. The flux on a polar arc of the rotor is a result of two separated magnets.
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The advantage of this configuration is the possibility to concentrate the flux generated by the
permanent magnets in the rotor and to obtain a stronger induction in the gap. This type of
machine has a salience effect. However, surface permanent magnet synchronous motors and
interior permanent magnet synchronous motors are the most used in the industry.

Furthermore, the permanent magnet synchronous motors can be classified according to the
electromotive force profiles as shown in the following diagram [2] :

—
Permanents Magnet

Synchronous
| Machines |
Trapziodal E.m.f Sinusoidal E.m.f
|
]
| Surfance mounted
(SPMSM)
| |
]

Interior (IPMSM)
| |

Fig.1.2: General classification permanents magnet synchronous machines.

Particularly, the synchronous machines with sinusoidal EMF are classified into two
subcategories in terms of magnets position
1. Non-salient Poles: the magnets are located in the rotor surface (Fig. 1.1a): Surface
Permanent Magnet Synchronous Motor (SPMSM)
2. Salient Poles: the magnets are buried into the rotor (Fig. 1.1c, d): Interior Permanent Magnet
Synchronous Motor (IPMSM).

1.3. Applications, advantages and disadvantages of PMSM

The requirement of variable speed drives with respect to single speed drives are
necessary. Variable speed drives changed the field of motor which is used in such drives till the
last decade, the induction motor and Direct Current motor have dominated as mechanical
energy conversion devices but now they are being replaced by BLDCs and PMSMs in the

category of power application which ranges between 0-5kW. The applications of PMSM motors



between 0-5 kW are Robotics and factory automation (servo drives), printers/plotters, tape
drivers, washers, blowers, compressors, Power steering, ventilation and air conditioning.
e Advantages of PMSM
PMSM have the following advantages over DC motors:
— Higher power density and smaller size.
— Sparkless operation (used in hazardous environment).
— Higher speed and Less noise.
Moreover, PMSM have the following advantages over induction motors:

Higher efficiency, Better heat transfer, Higher power density, resulting in smaller size, Higher
power factor.
On the other hand, PMSM has the following disadvantages:

— Complex control, Demagnetization of the rotor magnet due to ageing.

— Reduction of torque production due to demagnetization of rotor magnet.

— Maintenance is often required for rotor magnet.
The above discussion justifies the choice made in the present research towards the need for
research on PMSM.

e Applications of PMSM:

The good characteristics of the PMSM has ensured many applications, which include
electric vehicles Fig.1.3, machine tool spindles, starter/generator units, robotics, aerospace
actuators, electric wheelchairs, fan-type applications and turbo compressors and wind energy

conversion system (WECS) Fig.1.4.

|
|
|
bat |
|
|

Fig.1.3: Block diagram of a Hybrid Electric Vehicle using PMSM drive.
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Transformer 3¢ Grid

G & o
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Gearbox

Power Converter

Fig.1.4: WECS Block Diagram.

1.4. Modeling of PMSM

The study of an electric motor behavior is a hard task and requires, first of all, good
knowledge of its model to properly predict its dynamic behavior under different operating
conditions. The study of an electric motor behavior is a hard task and requires, first of all, good
knowledge of its model to properly predict its dynamic behavior under different operating
conditions.

Modeling a permanent magnet synchronous motor is similar to a classical synchronous
machine, except that the flux from the magnets is constant. Then, the model is derived from the

classical synchronous machine [3].

1.4.1 Assumptions
To simplify the modeling of the machine, the following assumptions are introduced.

— The damping effect of the rotor is neglected.
— The magnetic circuit of the machine is not saturated.
— The distribution of the magnetomotive forces (MMF) is sinusoidal.
— The coupling capacitors between the windings are neglected.
— The hysteresis phenomena and the eddy currents are neglected.
— The gap irregularities owing to the stator slots are neglected.
Under these assumptions and using basic concepts, the electrical and mechanical equations

describing the dynamical behavior of the PMSM are obtained.

1.4.2. Electric Equations
The three-phase stator voltage equations can be expressed as:



d¥s,

Vsa = Rslsa +

dt
dw
Vsb = RsIsb + dtSb
_ dW¥sc
Vsc - RsIsc + dt

Or in matrix form as :

Vsane] = Ri[lsanc] +“eel
Where
[Vsanel = [Vsa» Vs, Vsc]T are the voltages of each stator phase;
Rs is the stator resistance;

[Lsabc]l = [isar isps Lsc]Tare the phase stator currents.

[Weunel = [Wsa, Wsp, Wso1Tare the stator fluxes.

1.4.3. Magnetic Equations
The stator flux can be expressed as

[Wsabe] = [LssI[Lsabc] + [Pravel

Where [W,.q1c] is the rotor (permanent magnet) flux which is given as:

Om)
w [ cos(pbm

" _w | cos (p@ —2—n)|
orn| = | SR
Pre l cos (p@m + Z?E)J

Om is the rotor position angle, and p as the pole pair number.

The inductance matrix [Lgg] as:

[Lss]:[Mba Lyp My,
Mca Mcb Lcc

Laa Mab Mac]

where:

Laa, Ly, Lec are the self-inductances of the phases.

M.y, Mya, My, Mca, My, Mopare the metual inductances between phases.

For the pole salient machines, the inductance matrix [Lgs] can be expressed as:

[Lss] = [Lso] + [st]
Where:

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)



2T

21 1
cos(2p0,,) cos(2pb,,) — ?) cos (Zpé?m + ?)

21 2
[Lsy] = Ly [cos (Zme — ?) cos <2p0m + ?) cos(2p6,,)

21 21
cos (Zpé?m + ?> cos(2pb,,) cos (2p9m - ?)
Then (1.2) become:

[Vsabc] = Rs [Isabc] + %{[Lss][lsabc] + [l-ljrabc]} (1-7)

Notice the stator phase voltage equation of the three-phase PMSM represented in the three-

phase stationary frame (abc-axis: three-phase stationary frame) is time varying and nonlinear.

1.4.4 Concordia transform
Now, an equivalent two-phase representation in a fixed frame is introduced.

Using the Concordia transformation

X
xS(Z B r sa
;5 = o k:] 19)
Where
[t 97
1 43
o= 277 % 19
-2 -2
2 2

multiplying by C, the left side of Eq. (1.7) and using the identity C," Co = 12x2 with x a variable

(voltage, current or flux), it follows that

d[Ags A[lsqp] A[¥rap]
[Vsaﬁ] = Ry [Isafﬂ] + [dt ] [Isaﬁ’] + [Ass] dtﬁ + dt . (1.10)

With [Ag] = {CoT[L]Co}.
Taking M, = —%LSO and using the following trigonometric equivalences:

cos(pb,, — 2m/3) = cos(pby,)cos(2m/3) + sin(pb,,)sin(2m/3)

and
cos(pb,, + 2m/3) = cos(pb,,)cos(2m/3) — sin(pb,,)sin(2m/3)

Where cos(27/3) = —>and sin(2m/3) = V3/2, it follows that

3 cos(2p8,,) sin(2p6,,)] . 3 1 0]_ [La Laﬁ]
[Ass] =5 Lsv sin(2p6,,) cos(2pB,,) 2 Lso 0 1] Lo Lg (1.11)

10



whose the time derivative is given by

dlAss] _ [— sin(2p6,) cos(2py,) (1.12)
SV .

dt cos(2pB,,)  sin(2p6,,)
Furthermore, using the Concordia transformation, the fluxes ¥,, and ¥,z can be expressed as:

v Lvra
lprﬂ] = CoT (1.13)
‘Prc
Nt | COS(pHm) 1
- |2 2 |cos O |
=8|, 5 _u|?| (pon - )I (1.14
2 21 |cos (p@ + )J
It follows that
cos(p6yy,)
lIJrB] \f [sm(pem) (1.15)
Where J = [_01 (1)] is a skew-symmetric matrix, satisfying the following property:
JI=1
The time derivative of (1.15) is of the form
p'Ql'prB
ldwm‘ le_pra (116)

1.4.5. Transformation from a Fixed to a Rotating (d, q) Frame
To derive an equivalent two-phase representation in order to facilitate the analysis and control

design, the Park transformation is usually employed to obtain the expression of the model in
the (d, q) frame. This transformation renders simpler the dynamical equations of the PMSM.

As introduced previously in this chapter, this method is divided into two steps:

1. Three-phase-Two-phase Transformation: froman (a, b, c) three-phase stationary frame
to an (o, f) two-phase stationary frame. This transformation is called the Concordia
(obtained from Park transformation preserving energy) or Clarke transformation
(obtained from Park transformation preserving amplitudes).

2. Fixed frame-Rotating frame Transformation: from an (o, f3) two-phase stationary frame
to a two-phase synchronous rotating (d, q) frame, this transformation is called the Park
transformation.

By applying the first transformation, i.e., the Concordia transformation Co, then the second

step is the application of the Park transformation P in order to obtain the two-phase

synchronous rotating representation of the PMSM.
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The resulting voltage equations are given as

[fcz] = P(6.)" [ﬁ;] (1.17)

Where

cosf, —sinf,

P(8e) = sinf, cosf, |

6. = p0,, is the electrical angle defined from the position of the rotor with respect to stator.
Then,

X
Xsd Xsa sa
[qu] = P(Qe)T [xsﬁ] = P(Qe)TCOT [chb] (118)
N
Combining Eqg. (1.18) with (1.7), it follows that

COP(He)P(He)TCOT [Vsabc] = RSCOP(He)P(He)TCOT [Isabc] + %{[lprabc]}

. (1.19)
+E{[Lss]cop(ee)P(He)TcoT[Isabc]}
Then obtain the model of the PMSM in the (d, g) frame
_ T4
[Vsdq] - Rs [Isdq] + P(He) dt {[ASS]P(HQ)}[Iqu] (1.20)

+P(0)" [As51P(0e) = {[Isaq]} — P2T[¥raq]
In case of IPMSM the voltage equation is given as:
Vaaql = {IR] = PULag] T} Isaq] + [Lag] 222l — pOg[Wyge]  (1.20)

Moreover, for a specific value of g, the g-component of the rotor flux equal to zero (i.e., ¥iq =

0) and the d-component of the rotor flux equal to ¥, (¥ = ¥ ), it follows that

disg
Vsd _ Rs _pQLq] [isd] [Ld 0 ] dt [ 0 ]
Vsq] B [pﬂLd R Isq + 0 Lgf|disq pQ¥, (122)
dt
1.4.6. Mechanical Equations
The rotor electrical position 6. is determined by this equation
a6,
— T (1.23)
And the rotor speed Q
JEH Q=T —T, (1.24)

Where:
o = pQ, the angular electrical speed,

p: the pole pair number,

12



Q: the rotor angular speed,

Te: the electromagnetic torque

Ti: the load torque,

J: the inertia moment, i.e., the inertia of the synchronous machine plus the load inertia

fv : the viscous friction coefficient.

The electromagnetic torque Te is generated by the interaction between the rotor magnets poles
and the poles induced by the magnetomotive forces in the air gap.

Then, the electromagnetic torque Te is given in case of IPMSM as [3]:

T, =p(Lg — Lq)isdisq + p(qudisq - Lprqisd) (1.25)
By replacing (1.25) in (1.24), then
[749) .. . .
]; + £ =p(Lg — Lq)lsdlsq + p(qudlsq - quqlsd) -T (1.26)

Choosing the orientation of the (d, g) frame such that the q-component of the rotor flux is equal
to zero (Wrq = 0) and the d-component of the rotor flux is equal to ¥y, then (1.26) can be

expressed as follows:

aqQ .. .
J oo+ o0 = p(La = Lg)isaisq + PWrisg = T (1.27)
The final model of the IPMSM, in the rotor flux oriented (d, q) frame is
d'S RS . S
ﬁ - = _lsd p.Q qu 17;
dis R . vs W,
d_tq = _L_lsq + pQ—lsd : pﬂ; (1.28)

o f . 1
e —7"9 +7p(Ld - q)lsdlsq + pWrisq — jTl

For the SPMSM, the stator inductances in the d-axis and g-axis are the same (L4 = Lq = Ls).
Then, the electromagnetic torque is only given as
Te = pWrisq (1.29)
Replacing (1.29) in (1.24) with Ld = Lqg = Ls, it follows that the rotor speed dynamics is given
as
aq .

]E = -0+ plprlsq -T; (1-30)

Then the final SPMSM model in the rotor flux oriented (d,q) frame, is

digg Rs . . Vsd
— ——lgq + pQis, +—
dt Ls sd p sq Ls
disq Rg . Vsq ¥y
= ——lgq Qigg + — —pQ— 1.31
dt Lg — Diilgg I Ls ( )
aqQ p¥r 1

__f_v ;o1
" = ]Q+ ; lsq ]Tl

1.4.7. State space model in the (d, gq) Frame

13



For the torque or angular speed control, the nonlinear state-space model of the IPMSM in the

(d, g) frame, is given as

di Rsi . +Pla L
|[ dtd]| |[ g sd +rg Tsall ]| |[Ld o0 ]l Vsd
. Rs L Y, 1
- | Dt~ i - 20 |+i 0 & 0 ”vsq (1.32)
do | - | 1t
- p¥r . p( Lq) fy —_-
L) 177 isa T isalsg — 70 o0 =l

where

[isa , isq,€2] are the states

[Vsd, Vsq , Ti] are the inputs, where T, is assumed to be an unknown input.

The measurable output are the stator currents [isq , isq ]-

If the permanent magnet synchronous machine is without salient poles (SPMSM case), i.e., the
inductances in d-axis and g-axis are equal (L4 = Lq = Ls).

1.5. Voltage source Inverter Feeding a Permanent-Magnet Synchronous Motor

Fig.1.5 show the PMSM drive, it consists of a diode rectifier, DC
link filter and an inverter. The rectifier converts supply AC voltage into DC voltage.
The DC voltage is filtered by a capacitor in the DC link. The inverter converts the DC
to a variable voltage, variable frequency AC for motor speed or (torque/current)
control.

- DC link
Three-phase Rectifier filter Inverter
grid r—1
I 1
[ |
> | |
| |
Choke
| S——

Fig.1.5: Basic scheme of adjustable speed AC motor system.

Fig.1.6 below shows a simplified scheme of the two-level bridge topology of the voltage

source inverter. The PMSM is supposed as a star-connected three phase balanced load.
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Voltage Source Inverter

Vdc

o [hn [ i

N
Three-phase motor windings

Fig.1.6: Basic scheme of voltage source inverter circuit.
The one leg of inverter consists of two transistor switches. A simple transistor switch
consists of feedback diode connected in anti-parallel with transistor. Feedback diode conducts
current when the load current direction is opposite to the voltage direction.

The inverter’s control bases on the logic values S;, where:
Si=1, T, isONand T, is OFF.
Si=0, T, is OFFand T, is ON.
with: i=a, b, c.

The voltage vector is generated by the following equation

.27 v 4
V, =\/§/dc [sa+sbe’3 +Scej3} (1.33)

Vqc: is the DC link voltage

There are eight possible positions from the combinations of switching states. Six are
active vectors (V1, V2 ... V6) and two are zero vectors (VO, V7). These eight switching states
are shown as space vectors in Fig.1.7:

yi

V3(0,1,0) : V,(1,1,0)
¥ (1,0,0)
Vi(011) -~ ->q
¥,(0,0,0)
V,(1,1,1)
Vo(0,0,1) ! Ve (1,0,1)

Fig.1.7: VSI Voltage vectors in the complex plane
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1.6. Conclusion

In this chapter, an overview of permanent magnet synchronous machine has been first
given. In particular, it’s structure, different designs and main application.
Then this chapter present the model that allow to describe the dynamical behavior of the PMSM
have been introduced. These models have been expressed either in a fixed (a, £) frame or in a
rotating (d, ) frame in order to describe the dynamical behavior of this machine.
Moreover, this chapter has been introduced the structure and the principle of operation of the
voltage source inverter (VSI) that feed the permanent magnet synchronous motor. Then main
purpose of feeding the PMSM with VSI is to have a variable speed operation, which is the aim

of our next chapter.
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Chapter 11 Direct torque control technique for PMSM
2.1. Introduction

Generally, the control of induction machines in variable speed operation is more
complicate than in DC machines. The main reasons are that they have more complex
dynamic and more request of complicated calculations. The vector control and direct
torque control (DTC) are the most known control algorithms in literature for variable-
speed AC motors. DTC strategy was introduced in the middle of the 80s as an
alternative of field-oriented control (FOC) because of many advantages, such as simpler
structure, faster dynamic response and less dependence to machine parameters [4].
However, the basic DTC strategy has a variable switching frequency due to the use of
hysteresis controllers, consequently, they cause non-desired ripples in flux and torque.
The insertion of space vector modulation strategy (SVM) in DTC scheme is among the
proposed solutions to overcome these drawbacks, where SVM can reduce the ripples
by providing a constant switching.

Therefore, this chapter a comparative study between the conventional direct
torque control and the improved direct torque control with constant switching frequency
using the space vector modulation.

2.2. Overview about variable frequency drives

AC machines have to be driven by a Variable Frequency Drive (VFD) to be able
to run at different speeds. Control methods for electric motors can be divided into two
main categories depending of what quantities they control (Fig.2.1). The control
algorithm Scalar Control controls only magnitudes, whereas the algorithms Vector
Control controls both magnitude and angles.

Variable frequency
Drives

Scalar Control Vector Control

Field Oriented Control Direct torque control
(FOC) (DTC)

Fig.2.1 Classification of variable frequency control strategies
The most popular method of vector control is known by the Field-Oriented

Control (FOC) which was proposed at the beginning of 1970s by Hasse and Blaschke
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Chapter 11 Direct torque control technique for PMSM
[5; 6]. In the middle of 1980s, another method is presented by Takahashi and
Depenbrock [7; 8] which is called the Direct Torque Control.
2.2.1. Scalar control

The Scalar control (V/f) which is known also by Volt/Hertz control is a simple
technique used to control the speed of the induction Motors. The main concept of V/f is
to keep the ratio of the stator voltage to frequency constant to maintain constant
maximum available torque.
2.2.2. Field oriented control

On the contrary to the scalar control, the field-oriented control scheme bases on
the dynamic model the machine which makes it valid for both steady and transient
states. In spite of the coupled and nonlinear nature of the induction machine, FOC can
control it as a separate excitation DC machine which is featured by a nature decoupling.
FOC achieves a similar behavior by transforming all quantities to a rotating

synchronous frame (d, q) where they appear as DC quantities.

2.3. Conventional direct torque control of PMSM

Direct Torque Control was first introduced for induction motors (IM) [9] in
1984 and the Direct Self Control method [10] in 1985. The methods were characterized
by their simplicity, good performance and robustness. Unlike the FOC method, DTC
worked without any external measurement of the rotors mechanical position. The
reason behind the simplicity is that DTC not require any current regulators,
transformations to rotating reference frame or PWM generators.

Direct torque control achieves a decoupled control of the stator flux and the
electromagnetic torque in the stationary frame (a, f). It uses a switching table for the
selection of an appropriate voltage vector. The selection of the switching states is
related directly to the variation of the stator flux and the torque of the machine. Hence,
the selection is made by restricting the flux and torque magnitudes within two hysteresis
bands. Those controllers ensure a separated regulation of both of these quantities. The
inputs of hysteresis controllers are the flux and the torque errors as well as their outputs
determine the appropriate voltage vector for each commutation period [11].

2.3.1. PMSM model presentation

The voltage and flux linkage equations of PMSM are got in the (a —f)

coordinate.
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Chapter 11 Direct torque control technique for PMSM

Vy = Rglig + Ly ‘Z—if — w,Y,sin 6,

di (2.1)
: B
Vg = Rsig + Lg FTas w,P,cos O,
Do — —Rglsq + Vsg
dt
dysp . (2.2)
it = _Rslsﬁ + VS/;

The electromagnetic torque Te is given by:

Te = 2Pm(Vsalsp — Pspisa) (2.3)
2.3.2. The control of the amplitude of stator flux linkage

The stator flux linkage in the a-P stationary reference frame can be expressed as:

s = | (V; — Rsis)dt (2.4)
During the switching interval, every voltage vector can be regarded as constant, and
equation can be rewritten as:

Ps = Vst — R [ igdt + g0 (2.5)
where Yg.—¢ is the initial stator flux linkage.

The equation implies that 15 will move in the direction of the applied voltage vector if
the stator resistance is neglected. Therefore, the amplitude of stator flux linkage can be
increased or decreased by selecting the proper voltage vector. Fig. 2.2 shows how the
voltage vectors are selected for keeping s within a hysteresis band |Ays |. There are

six independent sectors setting in the whole vector plane (i, i = 1- 6).

2|AY|

Fig. 2.2: Control of the amplitude of stator flux linkage.
A two-level hysteresis comparator is used for flux regulation. It allows to drop

easily the flux vector extremity within the limits of the two concentric circles with close

radius, as shown in Fig.2.3. The choice of the hysteresis bandwidth h,/,s depends on the

switching frequency of the inverter [12; 13].
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. dy
Vﬁ 4.
-~
0
— Ay,

_hW\ hwf

Fig.2.3: Tow-level hysteresis comparator for stator flux control.

The logical outputs of the flux controller are defined as:

{df =1 if Ay, >h,

2.6
d; =0 if Ay, <—h,, (2.6)

h,/,s is hysteresis band of stator flux
The stator flux error is defined by the difference between the references value

of flux and the actual estimated value:
A 2.7)

2.3.3. Control of electromagnetic torque

Ayg = Ws*

During one sampling period, the rotor flux vector is supposed invariant. The

torque of PMSM can be expressed as follows:

3pm .
Te = 2L, |lps|¢f51n 6 (2.8)
where:

p is the number of poles pairs.

W, Y, are stator and rotor flux vectors.

o0 angle between the stator and rotor flux vectors

ILB

Ys Wr

0 a

.
-

Fig.2.4: Relationship between different quantities in different reference frames.
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Chapter 11 Direct torque control technique for PMSM
From expression (2.8), it is clear that the electromagnetic torque is controlled
by the stator and rotor flux amplitudes. If those quantities are maintaining constant, the
torque can be controlled by adjusting the load angle ¢ (Fig.2.4).
The torque regulation can be realized using three-level hysteresis comparator
(Fig.2.5). It allows to control the motor in both rotation senses. The tow-level

comparator can be used for one rotation sense.

[y
\
y

¥

Fig.2.5 Three level hysteresis comparator for electromagnetic torque control.
The logical outputs of the torque controller are defined as:

d; =1 if AT, >hy
d; =0 if —h <AT,<h (2.9)
d; =-1 i AT, <—h;

hTe is hysteresis band of torque.
The torque error is defined by the difference between the references values of the torque
and the actual estimated values:
AT, =T, -T, (2.10)
2.3.4. Flux and torque estimation

Accurate flux estimation in PMSM is required to have proper drive operation,
it’s stability. Most of the flux estimation techniques known is based upon voltage
modeling, current modeling, or combination of both of these. The estimation based

upon current is generally applied at low frequency, and the knowledge of the stator

current and rotor mechanical speed or position is required in this case.

lnbozﬁ,esl: = f (Vaﬂ - Rsia,l?)dt (2.11)
The electromagnetic torque is estimated by:

3 . .
T, = Ep(l»bsalsﬁ - wsﬁlsa) (2-12)

2.3.5. Currents and Voltage Transform
The measured motor currents are calculated with the Clarke transform from abc

phase reference frame into the a8 reference frame.
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The stator currents components isq, Is5 Can be obtained also by applying Concordia

transformation on the measured currents:

) 2.
s = glsa

. 1. .
Isp :ﬁ(lsb _Isc)

(2.13)

The voltage Vg is estimated from the inverters switching state and the DC-link voltage

in the af reference frame by the voltage equation [14].

3 1 1
va—ﬁ-vdc [Sa =255 —25] 10
1

Vg = 5 VaclSp — Sel

Where S, is the state of the power switches.
2.3.6. Sector Calculation and look-up table

To maintain a decoupled control, pair of hysteresis comparators receives the
stator flux and torque errors as inputs. Then, the comparators outputs determine the
appropriate voltage vector selection [4; 15]. However, the choice of voltage vector is
not only depending on the output of hysteresis controllers, but on the position of stator
flux vector also. Thus, the circular stator flux vector trajectory will be divided into six

symmetrical sectors [16; 17].

where:
Sector 1: 117%36’<”6 , sector 2: %£0<% ..., sector 6: 3%£9<11%
wg
”" Tﬁ ‘IPS‘NLTQT ‘WSTTsT
V; v,
(- : a,
st‘ V,(010) i V,(110)
“M“m | Vv, Vv,
Ov § (o00p \ w 4T L |y T
v, (011) ;
V. (111)7 i “n\}i{{loo) % g
- v, (001) i v,(101)
és; : s

Fig.2.6: Effects of voltage vector on the stator flux and torque.
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While the stator flux vector is located in the sector i we have [17]:
— IfV,,, isselected,y; increases and T, increases.
— IfV,_jis selected, y; increases and T, decreases.
— IfV, ,is selected, y, decreases and T, increases.
— IfV,_,is selected, y, decreases and T, decreases.
For each sector, the vectors (V; and V4 ) are not considered because both of

them can increase or decreases the torque in the same sector according to the position

of flux vector on the first or the second sector [18]. If the zero vectors V, and V, are

selected, the stator flux will stop moving and its magnitude will not change, the
electromagnetic torque will decrease, but not as much as when the active voltage
vectors are selected [19].

The resulting look-up table for DTC which was proposed by Takahashi is presented in
Table 2.1:

Error Sectors I I 11 \Y V VI
dr=1 V> Vs V4 Vs Vs V1
di=1 dr=0 V7 Vo V7 Vo V7 Vo
dr=-1 Vs V1 V2 Vs V4 Vs
dr=1 V3 Va Vs Vs V1 V>
di=0 dr=0 Vo V7 Vo V7 Vo V7
dr=-1 Vs Vs V1 Vo V3 V4

Table 2.1 Look-up table for basic direct torque control.
2.3.7. Speed Controller

DTC strategy has the ability to operate even without a speed regulation loop, so
it doesn’t require any information about rotor speed. This can classify DTC as a speed
sensorless strategy for many industrial applications. Otherwise, to achieve an adjustable
speed control, a speed controller is necessary to have a speed regulation and to generate
the reference of electromagnetic torque. Commonly, the proportional-integral (PI)
controllers are used for the regulation. It is performed by comparing the speed reference
signal to the actual measured speed value. Then the comparison error becomes the input
of the PI controller.

The tuning of PI controllers is usually disregarding the physical limitation of
the system such as the maximum current and voltage. The used PI controller in our
work in the outer speed loop is the anti-windup controller. It allows to enhance speed
control performance by cancelling the windup phenomenon which is caused by the

saturation of the pure integrator, and for the speed PI controller’s gain, the calculations
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are shown in the Appendix.A.2. Fig.2.7 shows the speed anti-windup PI controller

diagram block.

Fig.2.7: Speed anti-windup PI controller.

The global control scheme of basic direct torque control strategy is shown in
Fig.2.8 It is composed of: speed regulation loop using PI controller, decoupled flux and
torque hysteresis controllers, look-up switching table, an association of VSI-Induction
motor, voltage and current calculation blocks with 3/2 (Concordia) transformation and
flux/torque estimators with position/sector determination.

Hysteresis

Controllers Switching Voltage Source
* » Table Inverter
o, 4+ - "+, AT 1 =T
® > ® . = \ 31N
A A / o 2 T
@ T pa v SLEb LIS °‘| v
r * e / il dc
’ ! Ay 1 , S S|
v S o / s e
'® Y A (4
— ;A—/
Vs
95
(—Iﬁ u Sabc
ap
Torque & Flux [« ap Current
Estimation | | Vi _ _|_ ISensors
g abc |4 _1_D
Labe
‘V"Q'
Encoder
(@3 / PMSM
tdt)

Fig.2.8: Block diagram of the classical direct torque control (DTC) method for
PMSM.
2.4. Direct torgue control with constant switching frequency

In this DTC strategy, the lookup switching table and the hysteresis comparators
are replaced by the space voltage modulation (SVM) for the purpose of voltage vector
selection. This control schemes can preserve a constant switching frequency,
consequently it reduces the high torque and flux ripples.

The insertion of the space vector modulation (SVM) in DTC control scheme has

been discussed also in literature. SVM preserves a constant switching frequency which
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can reduce high torque/flux ripples and minimize current harmonic distortion.
Consequently, an effective control of the stator flux and torque is achieved. Several
SVM-DTC methods have been proposed according to their structures, such as: cascade
structure of DTC-SVM scheme and parallel DTC-SVM.
2.4.1. Space vector modulation

SVM is different from the conventional pulse width modulation (PWM). It
relies on the space vector representation of the inverter output. There are no separate
modulators for each phase. The reference voltages are given by space voltage vector
(i.e. voltage vector components in the complex plan) [20]. The principle of SVM is the
prediction of inverter voltage vector by the projection of the reference vector Vs
between adjacent vectors corresponding to two non-zero switching states. [21; 22]. For
two-levels inverter, the switching vectors diagram forms a hexagon divided into six

sectors, each one is expanded by 60° as shown in Fig.2.9.

Fig.2.9: Diagram of voltage space vector.

The application time for each vector can be obtained by vector calculations and

the rest of the time period will be spent by applying the null vector.

Vsp

A
1
i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Fig.2.10: Reference vector as a combination of adjacent vectors at sector 1.
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When the reference voltage is in sector 1 (Fig.2.10), the reference voltage can
be synthesized by using the vectors V1, V2, and Vo (zero vector).

The volt-second principle for sector 1 can be expressed by:

Vg I =V I+ L,V T, (2.15)

sref
T, =T, +T,+T, (2.16)

T, T2and To are the corresponding application times of the voltage vectors respectively.

Ts is the sampling time.

The determination of times T: and T2 corresponding to voltage vectors are

obtained by simple projections:

__TV3 _ Vprer
T1 - V2Vae (Varef V3 ) (2 17)
r :
T, = \/Ev—dc Vrer
Vgc: DC bus voltage.
The calculation of the switching times (duty cycles) is expressed as follows:
Upper side:
Taon = Tl + TZ + T0/2 (218)
TbOTL = TZ + T0/2 (219)
Teon = To/2 (2.20)
Lower side:
Taon = To/2 (2.21)
Tpon =T1 + Ty /2 (2.22)
TC*OTl = T1 + TZ + To/z (223)
1 T 5l T '™
T 2| T, ‘ T, |Ty2|Ty2| T, | T, Ty2
e
Sal
Sy
S —
S? — —
Sse——— —
S: 1 I

Ve Yy vV, V.V, NV, VW

Fig.2.11: Switching times for sector 1

2.4.2. Direct Torque Control Scheme Using Space Vector Modulation (DTC-SVM)
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The strategy of the DTC-SVM uses a switching SVM vector and imposed
constant frequency. This fixed switching frequency based-DTC does not use the
controller hysteresis; it significantly relaxes the constraints of computing time.
Furthermore, this methodology is based on an explicit calculation of the control to
achieve the objective of torque, and the oscillations of the latter are considerably
reduced [14] .

In DTC-SVM, the generation of command pulses (S,, S,, S.)applied to control
the inverter switches is usually based on the use of a predictive controller. A flux and
voltage calculation bloc receives the reference amplitude stator flux ys~ and the module
and the position of estimated stator flux, then it determinates the stator voltage reference
(Vsa , V') Tor space vector modulator (SVM), which finally generates the pulses to
control the inverter.

The related on between the torque error and the increment of the load angle 9 is
nonlinear. So, a Pl controller that produces the increment of the load angle can
minimize the error instantaneous torque.

The reference stator flux vector can be estimated by the polar-rectangular
transformation formula which is expressed in the Eq (2.24)

Ys = [Pslcos (ABs + 65) + jls|sin (6 + 6;) (2.24)
0s is the stator flux angle with A8 = Tyw,p, + AS

The voltage components (V,,",V, ﬁ*) are calculated based on the stator flux

error Ays and sampling time in (a, ) frame by the following equation:

\Vi *:Al//sa :V/sa _l//5a+R i

sa TS TS s sa
A o (2.25)
Vsﬂ* — Wsﬂ — lr//sﬁ !//sﬂ +Rsisﬂ
T T

S S

The diagram of DTC-SVM control scheme is presented in Fig.2.12
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Fig.2.12: Block diagram of SVM-Direct torque control of PMSM.
2.5. Comparative evaluation of direct torque control techniques
The switching table-based DTC is featured by simple decoupled control scheme
and fast dynamic torque response, while the direct torque control with space vector
modulation combines the advantages of DTC and FOC strategies. According to the
mentioned comparative analysis, the following table summarizes the features of the
SVM-DTC control scheme compared to the conventional DTC.

Classical DTC with switching table SVM-DTC Structures
+ Fast dynamic torque response. + Fast dynamic torque response.
+ No coordinate transformation. + No coordinate transformation.
+ No current regulation. + No current regulation.
+ Independence on machine parameters. + Independence on machine parameters.

— High current and torque and flux ripples. | + Reduced torque and flux ripples.
— Variable switching frequency. + Constant switching frequency.

— High noise levels at low speed operation | + Good dynamic at low speed operation.

— High switching losses. + Low switching losses.

+ Advantages; — Disadvantages
Table.2.2:Advantages of DTC-SVM compared to the classical DTC.
2.6. Conclusion
In this chapter a comparative study between conventional and SVB based DTC
strategies has been presented. The main purpose of using space vector modulation in
DTC strategy is the reduction of the torque and the flux high ripples. In addition, SVM
can preserve a constant switching frequency and can reduce switching losses.

The next chapter will focus in speed regulation improvement in DTC-SVM.
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3.1. Introduction

Most physical systems are nonlinear and multivariable, by nature, they have
inherent interconnected nonlinearities in their internal dynamics [23]. We take in particular
the induction motor. It has control problems in speed adjustable drives contrary to the DC
motor due to some reasons [24], such as, the high order of internal coupled nonlinearity,
parameters variation because of environment effects and external load perturbations during
its operation.

The use of conventional approaches such as the proportional-integral-differential
(PID) controllers to understand the behavior of those systems by analytical techniques can
be inadequate. This has led to an intense interest in the development of so-called nonlinear
and robust control techniques which seeks to solve these problem [25]. Among these
techniques, the sliding mode control. This chapter aim to integrate the sliding mode control

to enhance the performance of DTC-SVM strategy.
3.2. Sliding Mode Control Theory

The sliding mode control (SMC) is a particular type of variable structure control
(VSC). The first concept of SMC appeared in Russian literature (The former Soviet Union)
in 1950s and developed by Emelyanov in 1960s [26]. Later, Utkin has written an English
summary of papers on the sliding mode control [27]. Due to the implementation difficulties
of high-speed switching, this approach didn’t receive the attention that it deserved until the
1970s. Then, the sliding mode control theory was widely disseminated to the different areas
at the beginning of 1980s.

3.2.1. Basic concepts of SMC

The SMC is a variable structure control method widely known in the automatic and
control field. The strength points of the SMC are the robustness against uncertainties, fast
response and simple software and hardware implementation [28; 29]. SMC bases on
forcing the system trajectory to slide along a switching surface by determined control law.
It consists of two phases, a reaching phase where the state trajectory is driven to the surface
s = 0 and reaches it in a finite time, followed by a sliding phase where it slides on the

switching surface to an equilibrium point, as shown in Fig.3.1 [30].
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Reaching phase

Reaching phase

Fig.3.1: Sliding mode principle of state trajectory.

3.2.2. Sliding surface choice

The design of SMC can be achieved into two phases. The first phase is determining
the switching surface. In engineering applications, the error between control objectives
and the reference input and its derivative is used to form the sliding surface [31].

The second phase is to design the control law in a way that to steer the system

trajectory to the sliding surface [32; 33]. The well applied sliding surface was proposed by

Slotine as:
d n-1
S :(E+/’L] e (3.1)

Where S is the sliding surface, A is positive constant, e is the system error and n is the
system relative order.
3.2.3. Existence Conditions of sliding mode control
The sliding mode must exist in all points of the surface S = 0. To guarantee that

the system state stays in sliding mode after reaching mode, the existence conditions should
be [34; 24]:

limS >0

520 (3.2)

limS <0
S 0"
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It means that if S is positive, then its derivative should be negative and if S is

negative, then its derivative should be positive. It can be written in a simplified way as:
SS <0 (3.2)
Since the existence problem looks like a generalized stability problem, it can be

summarized in terms of Lyapunov’s theory as follows [35; 36]:

1o
V ==S 33
5 (3.3)

The aim is to determine a control law such that V' <0 in order to drive the system states to
the sliding-mode surface:
V' =SS <0 (3.4)
when S #0, V <0is negative definite. Therefore, for finite time convergence the
condition (3.4) ensure asymptotically convergence towards the sliding surface.
3.2.4. Control design

The most common method of SMC is relay control, the equivalent control scheme
and the linear feedback with switched gains. The equivalent control is the most used
structure for the control of electrical machines (Fig.3.2). It is preferred due to the relay

control which is more suitable for the structure of the power electronics converters [37].

Ueg Disturbance

1 . u
Un { - System Output

Y

‘ Switching Law

Fig.3.2: Equivalent control structure.
The design of sliding mode control is mostly performed by two parts. The
equivalent control ueq is added to another control term called the discontinues control un in
order to ensure that the state trajectory reaches and stays on the switching surface.

The control law expression is given by:
U=Ug U, (3.5)

By considering the following state system:
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X =AX)+B(X)u (3.6)
The equivalent control is defined during the sliding phase and the steady state

where S =S =0 and u,=0 [36].

-1
Uq :—(%B (x)j %A(x) (3.7)

The existence of an inverse matrix is a necessary, which means the next condition (3.8):
oS

P B(x)=0 (3.8)
OoX
the derivative of new sliding surface expression becomes:
. 0S
S=—BX)u 3.9
B OO, (3.9)

The discontinuous control un is determined during the convergence state and must
guarantee the finite time convergence condition SS < 0 which is given by:

sS =s Z—iB(x)un <0 (3.10)

In order to satisfy this condition, the sign of un must be the opposite of the sign of

S Z—SB (x) . The discontinuous control is defined as a switching term formed by relay
X

function sign(S) (Fig.3.3) multiplied by a constant coefficient K.

u A
1

> S(x)

-1

Fig.3.3: Function sign(s).
The relay function is defined by:

. +1 if S=0
sign (S):{_1 £ s 20 (3.12)
u, =-Ksign(s) (3.12)

The coefficient K must be positive to ensure the convergence condition.
In general, the strengths of SMC can be concluded:

— Low sensitivity to plant parameter uncertainty.
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— Greatly reduced-order modeling of plant dynamics.
— Finite-time convergence (due to discontinuous control law).

3.2.5. Chattering phenomenon

The main drawback of the SMC is the chattering phenomenon which is caused by
an infinite commutation due to the depending on the switching function relay (sign(s))
(Fig.3.3) in the control design. The disagreeable chattering phenomenon can excite high
frequency harmonics and can also lead to damage of moving mechanical parts and heat
losses in the electrical parts.

The common solution of this problem is to replace the classical sign(s) function by
smoother switching functions, such as saturation function (sat(s)) [38] and sigmoid

(sigm(s)) function [39] as shown in Fig.3.4.

A A

sat(s) sigm(s)

Fig.3.4: Saturation and sigmoid functions.

The shown functions are defined by:

1if x >¢

sat(s) =12 if X|<e (3.13)
&
-1if x <—¢

sigm(s)—( 2 j—l (3.14)
1+e® '

Where:
g1s a small positive constant representing the width of boundary layer.
g is a small positive constant which adjusts the sigmoid function slope.
3.3. High order sliding mode control
The higher order sliding mode control is another method used to eliminate the

problem of chattering. It is a generalized idea of the first order which based on higher order
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derivatives of the sliding surface. Besides keeping the same robustness and performance
of the conventional sliding mode control (i.e., fast response and high robustness) it can
reduce considerably the effect of chattering.
The n™ sliding mode order can be determined by:
s=s=§=..=s"D =0 (3.15)

When we talk about the higher order sliding mode control, we mean in particular
the second order sliding mode. The design of second order sliding mode control shows a
variety of algorithms in the liturature. The most applicable algorithms proposed in
literature are: twisting control, sub-optimal control, super twisting control[40; 41].
3.3.1. Super twisting Control

Super-twisting algorithm was proposed by Levant [40; 41]. Since an n' order

sliding mode control algorithms require information about S,S,S,...5™ this

algorithm can provide a continuous control by using only the information on S and the
evaluating of the sign of § is not necessary. The convergence of this algorithm is also

described by the rotation around the origin of the phase diagram (s ,s).

The super twisting algorithm has the advantage over the other algorithms that it
does not demand the time derivatives of sliding variable. The super twisting (ST) control
law u(t) is formed by two parts. The first discontinuous term is defined by its derivative
with respect to time u; while the second is given by the function of the sliding variable u..
The ST control law is defined by:

Ugr =U,(t)+u,(t) (3.16)
Ugr :—ﬂ,|s|%sign(s)+ul (3.17)
u, =—4,sign(s)

A and g are positive gains used to adjust the ST controller.

The control law convergence can be reached by an arbitrarily adjusting of these
gains [42]. Generally, the gain A is more effective in system response. The gain f has an
effect in steady state accuracy. The sufficient conditions for a finite-time convergence are

imposed by Levant [41] as:
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por
(3.18)
_ 40Ty, (B+0)
T I (B-)
@ is defined as the positive bounds of the uncertain function ¢. I'm and /v are the lower
and the upper positive bounds of the uncertain function y at the second derivative of the
sliding manifold [41; 42],

The degree of nonlinearity can be adjusted by the coefficient p which is defined in
the interval (0 < p<0.5). It is fixed mostly at “0.5” to realize that the maximum of second
order sliding mode control is achieved [42]. The controlled system can be simplified when
it is linearly dependent on the control law u.

3.4. Improved direct torque control using sliding mode control

In this section, first and second order sliding mode controller will be designed for
speed regulation loop to generate the electromagnetic toque reference and to ensure good
dynamic and fast response.

3.4.1. First order SM-speed controller design

The sliding surface of the rotor speed is defined by:

Sa; = a): —
Sy (3.19)
S, =0 —0,
The mechanical equation of PMSM is given as:
. 1 f
@, :J_(Te _TL)_J_wr (320)

By substituting the equation (3.66) in the equation of the speed surface derivative, it will

be given as follow:
1

Sw = _F(Tt —T,— fowy) (3.21)
Basing on sliding mode theory, we can write:

Te=Teq +Ten (3.22)
The equivalent control part is defined during the sliding mode state s5,=0, then the
equivalent control is:

Teeq =fo +T, (3.23)
The discontinuous part is defined as:
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T, =K, sign(S,, ) (3.24)
K., isapositive gain.
3.4.2. Second order SM-speed controller design
The second order sliding mode speed control law will be designed by the
combination of the equivalent control and the super twisting control law. The super

twisting speed controller (STSC) design is given as:
1
Usr ==4, [, |7 sign(s,, ) +u, (3.25)
u‘l = _ﬂwrSign (S o, )
A, and B, are the super twisting speed controller gains.

The diagram of DTC-SVM control scheme with sliding mode controller is presented in

Fig.2.12

Voltage Vector SVM

Voltage Source

. Speed Controller o AS calculation Vo Inverter
;.®_.- ] ." n . ,”‘\'- :‘\\‘ 1= N
—i | . | Eas.(2.24) N/ A\ S
@, L Vo= @25 |y | g O-I Ve
B [{f \\‘/}4 I \ l I
—\ \ - J
o, [ 1
Y, IQS
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Torque & Flux|< (Iﬁ Current
Estimation | Ve _ _|— ISensors
Vss abc - d_|_ D
abe
‘L.L\“'

Encoder /PMSM
ohad

Fig.3.5: Block diagram of SVM-Direct torque control of PMSM.

3.5. Conclusion
This chapter presents a performance enhancement on SVM-direct torque control.

First and second order sliding mode controllers have been used instead of the PI controller

in the speed loop.
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The next chapter will present the simulation results using MATLAB/Simulink as

comparative study between the different control techniques

39



Chapter 1V Simulation results and discussion

4.1. Introduction

This chapter presents the simulation of direct torque control algorithms presented in the
previous chapter. All simulations have been implemented in Simulink, the software provides
an interactive graphical environment and a customizable set of block libraries that let you
design, simulate, implement and test a variety of time-varying systems. This makes it simpler
to visualize and rapidly develop a control system unlike traditional C or MATLAB-code.

A comparative study between the switching table classical DTC and the direct torque
control with SVM (SVM-DTC) is presented. The simulation has been conducted for three
phases 3 kW PMSM with characteristics given in the Appendix A.1

The operation conditions have employed for both control methods are: the starting up
and the steady states followed by load introduction. The second simulation section presented
DTC-SVM with different speed controllers
4.2. Simulation Results
4.2.1. Conventional DTC and SVM bases DTC comparative study

Figs.4.1-4.2 present the Simulink blocs of conventional direct torque control and

improved direct torque control using SVM respectively

Flux_Cal

sqrt(u(1)*2+u(2)*2)

Torque

Switching Table

’-DC

Fig.4.1: Conventional DTC Simulink Model
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Fig.4.2: DTC-SVM Simulink model.
The following figures displays different simulation of conventional and improved direct

torque control as a comparative study.
(a), For Conventional DTC (b) For DTC-SVM
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Fig.4.3: Rotor speed response at the starting up and steady states followed by load application.
The displayed simulation results above (Figs.4.3) show the starting up and the steady
states with load application for the DTC controlled PMSM. Fig.4.3 illustrates the comparison
between speed responses of conventional DTC and SVM-DTC according to the speed reference
step of 1000 rpm. The load disturbance has been introduced at (t=0.5s). The figure shows that
both techniques show good dynamic at starting up. We can notice that the speed regulation loop
rejects the applied load disturbance quickly. The SVM-DTC in Fig.4.3(b) kept the same fast

speed response of DTC strategy. Since the same P1 speed controller is used for both schemes,

there is no difference in the transient response.
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Fig.4.4: Electromagnetic torque with load application

Then, Fig.4.4 illustrates the torque responses with by load application. The figure shows

that at the beginning the speed controller (PI anti-windup) operates the system at the physical

limit. It can be seen clearly that the constant switching frequency-based DTC strategy in

Fig.4.4(b) has a reducer ripples level owing to the use of SVM compared to the conventional

DTC in Fig.4.4(a), where it is observed that the high torque ripples exceed the hysteresis

boundary.
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Fundamental (66.66Hz) = 6.836 , THD= 13.89%

Fundamental (66.66Hz) = 6.847 , THD= 4.20%
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Fig.4.7: FFT analysis and spectrum of THD for stator phase current isa

Next, in Figs.4.5-4.6, the stator phase current with ZOOM and its FFT analysis are

presented. It can be justified in the next figure where SVM-DTC has lower THD level (total
harmonics distortion), 4.20% in Fig.4.7(b) compared to 13.89% for the classical DTC in
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Fig.4.8: Stator flux magnitude [Wb].
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Fig.4.9: Stator flux components.
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Fig.4.10: Flux circular trajectory ( a,f) [Wb].
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After that, Figs.4.8-4.10 exhibit the stator flux evolution (i.e. stator flux magnitude,
components and circular trajectory). In Fig.4.5(a), it is clear that the flux ripples of the
conventional DTC have exceeded the hysteresis boundary. The magnitude and the trajectory
illustrate that the flux takes a few steps before reaching the reference value (1Whb) at the starting
stage due to the zone’s changing (Fig.4.10(a)). The stator flux components show an acceptable
waveform but high ripples level (Fig.4.9(a)). The SVMDTC in Figs.4.10(b) shows a reducer
flux ripples, faster magnitude tracking at the starting up and better components waveform than

the conventional DTC. Fig.4.11 presents the position of the stator flux vector.
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Fig.4.11: Position of stator flux vector.
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4.2.2. Speed regulation improvement using sliding mode control

This section presents the comparative study of different speed controllers, Pl controller

(@), first order sliding mode controller (b) and second order sliding mode controller (c)
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Fig.4.13: Electromagnetic torque (N.m).
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Figs.4.12-4.14 illustrate the rotor speed, the electromagnetic torque and stator phase
current to the control algorithm associated with P, first order and second order sliding mode
controllers during starting up and speed followed by load application of 20 N.m. The super
twisting controller presents faster speed and torque responses compared with classical Pl and

First order sliding mode control. In addition, both first and second sliding mode controllers,
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don’t affected by load introduction compared with PI. However, the first order sliding mode
control show high torque ripples and chattering, this phenomenon has been avoided by second
order super twisting controller. It can be proved in stator current in Fig.4.14, where the first
order sliding mode controller show high distorted current while the Pl and super twisting
preserved a smooth sinusoid current waveform
4.3. Conclusion

This chapter present the simulation results of different control techniques presented in
previous chapters. The simulation results have been presented into two sections, a comparative
study between classical DTC and DTC with SVM. The comparisons of different controller
based on sliding mode approach in the speed loop. The results show that the DTC-SVM can
reduce considerably the flux, torque ripples and current harmonics and overcome DTC
drawbacks. Furthermore, the sliding mode control can provide a robust control against load
disturbances. Besides, the use of super twisting algorithm can solve the problem of chattering

of sliding mode control.



General Conclusion

This dissertation deals with the enhancement of the direct torque control for Permanent
Magnet Synchronous Motor. DTC is a control method which offers a decoupled torque and flux
control for the electrical drives. As an alternative to the vector control, it is featured by simple
structure, fast torque dynamic and less sensitivity to the machine parameters. However, it
suffers from the high flux and torque ripples and the variable switching frequency. As a result,
they lead to an acoustical noise and more control difficulty in low speed regions which degrades
the performance of the control algorithm.

The main objective of this thesis is the improvement of the performance of a PMSM drive
controlled by DTC using various control approaches. In this context, the research work has
been addressed four principal points concerning the DTC control algorithm to be treated:

1. The reduction of high ripples and harmonics level which caused by the variable switching
frequency due to the use of hysteresis comparators,

2. The designing of a nonlinear control law to improve the stability and robustness of control
scheme while the presence of uncertainties.

Related to the control algorithms of the PMSM, the first chapter has presented an
overview and modeling of PMSM. The second chapter has presented a brief theoretical about
the classical DTC based on switching table and the constant switching frequency DTC based
on the space vector modulation. The third chapter has presented the injection of sliding mode
control law on SVM-DTC. The sliding mode control has been applied in the outer speed loop
instead of the conventional PI controller to enhance compressively the control stability and
robustness against external load disturbance. The second order sliding mode control was able
to eliminate the phenomenon of chattering which made by the first order SMC and keep its
same good performance like fast dynamic and simplicity. The comparative simulation results
have presented in the 4" chapter.

Future prospect

For the continuity of research, the future work could be oriented to a vaster area in this
field, among our perspectives:

e Perform the experimental implementation for different presented control strategies to the

PMSM.

e Development of sensorless control strategies for the PMSM drive.

e Development of the loss minimization and efficiency improvement strategy.



Appendices

A.1 Appendix 1
PMSM characteristics
Stator resistances Rs=2.3;
D-axis self-inductance Ld=0.0076;
Q-axis self-inductance Lg=0.0076;
Inertia moment J=0.0032;
Frication coefficient F=0.0004;
Number of poles pairs p=4;
Maximum flux ys =0.4;
A.2 Appendix 2: Speed PI controller’s gains calculation
The used PI controller in the outer speed loop for all control schemes is the anti-
windup controller. The dynamic equation and the transfer function using Laplace transform
of the speed loop are given as following:
do, f T, 1

- e _ T A.l
a3t Ta (A1)
s
G, )= ) __ 1 (A2)
' T, (s)-T.(s) Js+f
The transfer function (TF) of the PI controller is defined as follow:
Pl =K s +% (A3)

Kp and K; are the proportional and integral gains.
s is Laplace operator

Then, Fig.A.1. shows the block diagram of the speed control loop.

U P R Gy — %)

A

Fig.A.1 Speed control loop.
By considering the load torque Ty as a disturbance. The global transfer function of

the speed control in open loop becomes:



Appendices

G, ()= (s)_ 1 (Kps +ﬁj (A2)

a):(s):Js +f S
In closed loop, the TF becomes
K,s+K;
Jsz+(Kp +f )s +K,

G, (s)= (A.3)

By identification member to member, the denominator of the equations (A.31) with the
canonical form of second order system given in (A.32):
G(s)= 1 (A4)

s°+2m,8 + @

where wn is the natural frequency and ¢ is the damping coefficient.

we obtain:
J 1
Y 2
Ki o (A.5)
Kp+f _s
7= Sw,

The gains are determined for a damping coefficient & = 1.
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