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Abstract 
 
 
 

Minimization of Torque Ripple in Permanent Magnet Synchronous Motors through 

Direct Torque Control 

 

 

By 

 

Kevin N.L. Heward-Mills 

 

Master of Science in Electrical Engineering 

 

 

Permanent Magnet motors are of pertinent use in factory automation, machine tool 

applications, electric vehicles, robotics applications and many others. Within these 

industries, the measure of accuracy that is required on a constant basis is stymied by the 

common obstacle of harmonic ripple in torque, caused by discrepancies in flux within the 

air-gap of the motors. This ripple reflects in performance of the motor drive and 

consequently causes a harmonic disturbance in stator current. In order to understand this 

phenomenon and come about various remedial practices, a detailed study is carried out in 

this project to investigate the causes of torque ripple in permanent magnet synchronous 

motor drives, and the methods used in the minimization of this ripple. Minimization of 

these ripples in torque would prove essential to save erroneous manufacturing deviations 

that they characterize in the above-mentioned industry applications. It would also help in 

saving industrial financial resources, increase reliability, as well as save time spent in 

corrections of these errors. A model is presented in MATLAB/Simulink to implement the 

Direct Torque approach of ripple minimization. 
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CHAPTER 1 

 

Introduction 

 

The widespread application of permanent magnet motor drives highlights their 

importance. Whether in industrial servo applications, spindle drives for machine tools, 

positioning systems, robotics, electric vehicle applications among many others, it is 

important to maintain optimum efficiency and a consistent precision in operation so as to 

prevent unwanted, and potentially disastrous repercussions.  

 

Permanent magnet synchronous motor drives, hereafter referred to as PMSM drives, are 

at times preferred over dc-excited motors. This is due to the fact that the application of 

PMSM drives results in less copper losses, since there are no individual excitation 

windings involved with rotor operation. This lack of excitation windings also contributes 

to a reduction in losses, that otherwise would have been produced by winding 

magnetizing currents. In turn, PMSM motors are more efficient, and more powerful by 

virtue of their high flux densities due to the use of powerful rare-earth magnets [4]. 

 

Permanent magnet motors are also preferred over dc-excited motors since the presence of 

magnets in the rotors eliminate the need for continuous supply of electrical energy to 

sustain flux operation. Since there is a lack of windings in the layout of the IPM rotor, 

there is not only a maintenance of magnetic flux due to the presence of permanent 

magnets, but there is also an improvement in the weight of the motor drive since the 

bulkiness of rotor windings is eliminated from ergonomic consideration. This thereby 

results in a more desirable power density. Another factor that is also considered is the 

improved operation of permanent magnet motors in higher temperatures, since there are 

less windings and copper losses.  

 

In contrast to these advantages, a disadvantage in the application of PMSM drives is the 

expense involved. The rare-earth magnets such as Neodymium and Samarium Cobalt [8] 

are permanently fixed onto the rotor. These are limited, perishable resources, and are 

therefore expensive in acquisition. The complexities involved in the circuit topology, also 

limit the number of applications possible by the implementation of these motor drives. 

 

An issue that remains in the application of PMSM motor drives is the presence of 

oscillations of torque that reflect throughout the system in the form of ripples in stator 

current and machine torque. This is as a result of the saliency in the rotor structure, which 

causes slight discrepancies in the flux density within the air gap, as the rotor position 

changes continually. There is also a variance in magnetic reluctance within the air gap 

and this is caused by layout of the stator slots. Since there is a non-uniformity of torque 

distribution in such a case, the ripple in torque during operation results in deviations in 

speed and efficiency during applications. Apart from these oscillations in speed, there 

may also be a production of noise due to a trigger of resonance in mechanical 

components of the motor drive. 
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Interior permanent magnet motors are usually categorized by the waveform of their back 

electromotive force (EMF) and these are usually two categories; namely trapezoidal and 

sinusoidal back EMF waveform motor drives. Trapezoidal motors have their name by 

virtue of the trapezoidal waveform of back EMF. To obtain a constant torque regardless 

of the position of the revolving rotor, the stator would require rectangular current 

waveforms. In sinusoidal IPM motors, the torque in the air gap owes mostly to the 

quadrature component of armature current. There is also the existence of reluctance 

torque, which is proportional to the products of direct and quadrature axis currents. The 

harmonic components of torque arise from non-sinusoidal flux linkages to the stator, and 

other harmonic ripples in the stator current waveform. It is important to note however, 

that ripple in torque is still considerably less frequent in sinusoidal motor drives than with 

trapezoidal back EMF motor drives, and are therefore more popularly utilized [4]. 

 

Torque pulsations may be mitigated or eliminated by the implementation of specific 

stator-winding layouts, or the modulation of excitation currents in the stator. In the case 

of the latter, the lower frequency torque ripples are negated by an inverse component of 

torque that is obtained through the modulation of stator current. This modulated stator 

current is specified based on analysis of the waveform of the machine back EMF. 

 

 

Literature Review 

 

Liu et al investigated the process of “active” control in [1]. Regarding this process, 

voltage or current fed into the stator of the PMSM drive is altered by virtue of a 

specifically designed controller. This controller is aimed at the vitiation of torque 

deviations that may occur. The use of this controller is meant to be integrated into the 

servomotor system of the PMSM drive, and is therefore specified to work across different 

types of motor drives. A look-up table is introduced to enable switching of 

current/voltage values that are being ‘modulated’ into the stator. Such an approach would 

however require exact parameters of the involved motor, corresponding to the motor 

type. This includes the affinity that corresponds between pulsations in torque and the 

excitation currents required of the stator. Failure to acquire these predetermined factors 

would result in error signal deviations, which could worsen the ripples in torque. Iterative 

learning control was the approach used in [1], where a speed controller typically works 

with a proportional-integral (PI) controller, to offset the deviation about the reference 

current and consequently attenuate the ripple in torque. The issue that arose with this case 

was with respect to the resilience of the system, which rested on the acuteness of the 

system in response to changes in parameters or outside factors such as load perturbations. 

Iterative learning control is a good choice in periodically rippled systems [1]. 

 

In [2], the method of direct torque control is of primary focus, executed conventionally. 

A conclusion is arrived at, establishing that direct torque execution would result in a 

relatively uncomplicated designated controller, which develops a resiliency against slight 

variations in motor parameters. This method however engenders a variable switching 

frequency and remaining ripples in torque seem to be high. These factors are as a result 

of the implementation of hysteresis-based comparators, which use error signals between 
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measured and reference torque/flux to govern the logic of switching. To remedy this 

issue, it is possible to generate an algorithm that that individually computes hysteresis 

bands for torque and flux, thereby mitigating the high ripples that may be obtained. It still 

stands that the system remains sensitive to slight variations in motor characteristics and 

thus reduces efficiency immensely [2]. 

 

A method of maintaining switching frequency as constantly as possible is proposed in 

[19], where the direct torque method of control is modified to replace the hysteresis band 

comparators or switching table method with space vector modulation. This brings about 

the advantage of low ripples in torque s well as a nearly constant switching frequency. 

Furthermore, the direct-axis current into the stator when the machine is operated at varied 

load is reduced to maintain a uniform stator flux. The disadvantage of this approach 

remains that a relatively high computing power is required for the algorithm to take effect 

[19]. 

 

Objectives 

 

This paper aims at the following objectives in the sections following: 

 

• The juxtaposition between Field Oriented Control and Direct Torque Control in 

torque-ripple minimization within permanent magnet synchronous motors. 

• The analysis and implementation of Space Vector Pulse Width Modulation  

• Design and simulation of Direct Torque implementation in the minimization of 

torque ripple. 

• Analysis of the performance of said simulation. 
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CHAPTER 2 

Permanent Magnet Motor Topology & Layout 

 
Regarding permanent magnet synchronous motors with sinusoidal back-EMF, stator 
windings are required to be laid out about the air-gap such that a sinusoidal 
waveform of electromotive force. Consequently, the flux density generated about 
the air-gap by the magnets alternates in a sinusoidal fashion. The dynamics of the 
rotor involved in this machine are either based on the surface-mounted or interior 
magnet topology [7]. 
 
Figure 1 provides a structural juxtaposition between surface-mounted permanent 
magnet and interior permanent magnet configurations. As illustrated, the black 
portions represent the magnet positions that produce a sinusoidal flux. 
 

 
Figure 1: Cross-Sectional Views of (a) Surface-Mounted Permanent Magnet Motors (b) Interior Permanent 

Magnet Motors [7] 

 
 

 

Torque Ripple 

 
With so many varying applications of permanent magnet AC motor drives, the 

consistency in torque provided by these machines makes all the difference in providing 

smooth, efficient and desirable results. The mitigation of pulsating effects of undesirable 

harmonic components of torque therefore is of importance to efficiency of the motor 

drive system. 

 

As per the sources of fluctuating torque, T.M. Jahns et al (1996) explained, “Any source 

of divergence from ideal conditions in either motor or associated power converter in a 

Permanent Magnet AC motor drive gives rise to undesired torque pulsations”. It was 

further explained that these discrepancies in torque could be categorized into three 
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groups. Within the first category, it was explained that the disparity between the magnetic 

flux in the rotor and the deviations in magnetic reluctance in the stator, interplay to give 

rise to Cogging Torque. Another category known as Ripple Torque, had to do with the 

action of magneto-motive force of stator current with electromagnetic characteristics 

produced by rotor action. These characteristics took the form of  “mutual” torque that 

spurred from the magneto-motive forces of stator current, acting on flux of the rotor, and 

“reluctance” torque, which was a product of the same magneto-motive force with the 

deviation in angle of the rotor magnetic reluctance. The resultant of these two forces gave 

rise to the defined pulsating torque [7]. 

 

 

In order to mitigate the fluctuations given by these torque components, there exist two 

dichotomies of approaches used. One such approach exists, involving improvement in 

ergonomics within the architecture of the Permanent Magnet AC motor drive such that its 

attributes are more optimal in nature. Even though such an approach would be considered 

the most efficient method of mitigating torque ripple, it faces the challenge of high costs 

involved with construction. In addition, this would not serve an effective approach for 

many existing designed machines. Nevertheless, in construction of Permanent Magnet 

AC motor drives, design considerations such as the alteration of lamination stacks within 

the stator, and the use of fractional slot-pitch windings prove useful [7]. 

 

 

Another approach, which is of interest in this paper, is the use of control schemes that 

compensate for discrepancies in excitation current in the stator. In the implementation of 

this approach, motor drive schematics and parameters are required. This approach is more 

practical for machines with low cost involved in manufacture, and is commonly 

preferred. 
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CHAPTER 3 

Mathematical Model And Characteristics Of PMSM 

 
It is a common convention for the state equations of permanent magnet synchronous 

motors to be expressed in the rotor synchronous reference frame. This is because 

sinusoidal quantities reflect as constant parameters in steady state conditions. Thus the 

equations of a PMSM with an induced sinusoidal back EMF, assuming negligible 

hysteresis and eddy current losses are represented as [6]: 

 

 
𝑣𝑑 = 𝑅𝑠𝑖𝑑 + 

𝑑

𝑑𝑡
ψ𝑑 − 𝜔𝑟𝜓𝑞 

(1) 

 
𝑣𝑞 = 𝑅𝑠𝑖𝑞 + 

𝑑

𝑑𝑡
ψ𝑞 − 𝜔𝑟𝜓𝑑 

(2) 

 𝜓𝑑 = 𝐿𝑑𝑖𝑑 + 𝜓𝑓 (3) 

 𝜓𝑞 = 𝐿𝑞𝑖𝑞 (4) 

 

Where 𝑣𝑑 and 𝑣𝑞  are the respective direct and quadrature axes stator voltages, 𝑅𝑠 is the 

stator resistance, ψ𝑑 and 𝜓𝑞 are the direct and quadrature axes stator fluxes respectively, 

𝜔𝑟  is the rotor speed, 𝑖𝑑  and 𝑖𝑞  are the direct and quadrature axes stator currents 

respectively, 𝐿𝑑  and 𝐿𝑞  respectively represent the direct and quadrature axes stator 

inductance, and 𝜓𝑓  represents the flux linkage created by the permanent magnet. The 

electromagnetic torque developed within the air gap is represented by:  

 

 

 
𝑇𝑒 =

3

2
𝑝(𝜓𝑑𝑖𝑞 − 𝜓𝑞𝑖𝑑) 

(5) 

 

Where p is the number of pole pairs. From these relations, the machine torque may be 

adjusted by the varying of stator current in the d and q axes frame of reference. The 

dynamics of the PMSM are represented by the equation: 

 

 
𝐽
𝑑𝜔𝑚

𝑑𝑡
=  𝑇𝑒 − 𝑇𝐿 − 𝐵𝜔𝑚 

(6) 

Thus, the mechanical speed of the rotor can be surmised from equation 6 by solving for 

𝜔𝑚 using the relation: 
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𝜔𝑚 = ∫(

𝑇𝑒 − 𝑇𝐿 − 𝐵𝜔𝑚

𝐽
)𝑑𝑡 

(7) 

 

 

Where 𝐽  represents inertia, 𝜔𝑚  is the mechanical angular velocity, 𝐵  is known as the 

frictional coefficient and 𝑇𝐿  is the load torque. Thus, by this dynamic and equations 

previously given, the output torque is maximized by the field-oriented control approach 

when the d-axis current is kept at zero [1]. 

 

Based on the d-q frame of rotation, an equivalent circuit illustrates the characteristic 

effects of the permanent magnet synchronous machine as the rotor revolves. In Figure 2 

below, the circuits illustrated are based on equations (1) to (4), where P represents the 

number of poles, with the vector symbol Φ replacing 𝜓 as magnetic flux within the air 

gap [12]. 

 

 
Figure 2: Equivalent d-q Circuit of PMSM in the Rotating Frame [12] 

 

The symbols Lld and Lmd represent the leakage and magnetizing inductances, where they 

both contribute to the total inductance in the d-q frame. This is shown as [12]: 

 

 
 𝑳𝒅 = 𝑳𝒍𝒅 + 𝑳𝒎𝒅 (8) 

 𝑳𝒒 = 𝑳𝒍𝒒 + 𝑳𝒎𝒒 (9) 

 𝜓𝑓 = 𝑳𝒎𝒅 ⋅ 𝒊𝒓 (10) 

The vector ir signifies a current source, which supplies the rotor magnets, and is constant. 

  



 8 

CHAPTER 4 

The Park & Clarke Transformations 

 
 
In electrical machine engineering, there is often the need to generate two-axis frames of 

reference due to the rotating nature of machine operations. This is to reconcile sinusoidal 

three-phase power into either a rotating or stationary reference.  

 

The Clarke transformation, which was originated by Edith Clarke, serves as a useful 

method of transforming three-phase circuits and variables into a stationary reference 

frame. The orthogonal axes of this frame are expressed as 𝛼 as the abscissa and 𝛽 on the 

ordinate.  

 

 

 
Figure 3: Three-Phase into Orthogonal Two-Phase Axes by Clarke Transformation 

In figure 3 above, the transformation uses phase a as a reference and thus [17]: 
 
 𝑣𝛼 = 𝑣𝑎  

 
(11) 

 
𝑣𝛽 =

2𝑣𝑏 + 𝑣𝑎

√3
 

 

 

To be able to convert back to the three-phase frame, the zero sequence is incorporated 

into the operation, where x represents the variables under transformation, namely voltage, 

current, flux linkages or electric charge [17]: 

 
 [𝑥𝛼𝛽0] = 𝑇𝛼𝛽0[𝑥𝑎𝑏𝑐]  

 

𝑇𝛼𝛽0 =
2

3

[
 
 
 
 1 −1

2⁄
−1

2⁄

0 √3
2

⁄ −√3
2

⁄

1
2⁄

1
2⁄

1
2⁄ ]

 
 
 
 

 

(12) 
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Therefore, inverse Clarke transformation is expressed by: 

 

 [𝑥𝛼𝛽0] = 𝑇𝛼𝛽0
−1 [𝑥𝑎𝑏𝑐]  

(13) 

 

𝑇𝛼𝛽0
−1 =

[
 
 
 
 

[
 
 
 

1 0 1

−1
2⁄

√3
2

⁄ 1

−1
2⁄

−√3
2

⁄ 1]
 
 
 

]
 
 
 
 

 

 

 

A graphical representation of current transformation and it’s equations will follow shortly 

when it’s use is highlighted in field oriented control. 

 

 

The Park transformation was first brought to light in the early 1920s by Robert H. Park, 

and was practiced in analyzing electrical machinery. Park associated changes in variables 

with virtual windings in rotation with the rotor. This allowed him to base these variables 

on a d-q rotating reference frame that moved as if it was fixed to the rotor. This approach 

allowed the elimination of time-varying inductances in sinusoidal voltages of three-phase 

machines with the rotor in operation, since all variables are considered constant from the 

rotor as reference point of view [17]. 

 

 
Figure 4: Transformation of 3-Phase to Two-Phase Rotating Frame 

 
 
The equations governing the Park transformation are illustrated below [17]: 

 
 [𝑦𝑞𝑑0] = 𝑇𝑞𝑑0(𝜃)[𝑦𝑎𝑏𝑐] (14) 

 

𝑇𝑞𝑑0(𝜃) =
2

3

[
 
 
 cos 𝜃 cos(𝜃 − 2𝜋

3⁄ ) cos(𝜃 + 2𝜋
3⁄ )

sin 𝜃 sin(𝜃 − 2𝜋
3⁄ ) sin(𝜃 + 2𝜋

3⁄ )

1
2⁄

1
2⁄

1
2⁄ ]
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Where 𝜃 represents the rotor position in the park frame of reference. An inverse of this is 

also important, where it is shown that [17]: 

 

 [𝑦𝑎𝑏𝑐] = 𝑇𝑞𝑑
−1(𝜃)[𝑦𝑞𝑑0] (15) 

 

𝑇𝑞𝑑
−1(𝜃) = [

cos 𝜃 sin𝜃 1

cos(𝜃 − 2𝜋
3⁄ ) sin(𝜃 − 2𝜋

3⁄ ) 1

cos(𝜃 + 2𝜋
3⁄ ) sin(𝜃 + 2𝜋

3⁄ ) 1

] 
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CHAPTER 5 

Methods Of Control 

 

The approaches involved with control of torque within PMSM drives are usually based 

on variable frequency control with the use of vectors. There are varying elements 

involved with each type, but the focus in this paper is going to be primarily on two 

popular methodologies, namely: 

 

• Field Oriented Control 

• Direct Torque Control 

 

An emphasis in this paper is placed on the latter. Direct Torque control conventionally is 

split into various types as is shown in the following figure below, however the most 

popular method involving space vector modulation (DTC SVM) is of interest in this case. 

 

 

 
Figure 5: Classifications of Popular Vector-Based PMSM Control Methods [8] 

 

Field Oriented Control 

 

This is a popular method of vector control that involves the representation of a vector that 

is used in the modulation of stator current. It involves the transformation of a three-phase 

system into the direct and quadrature components, whereby torque is associated with the 

q-coordinate and flux is associated with the d-coordinate. This contributes to the 

facilitation of implementation of torque adjustment [5]. 

 

Since the stator current is decoupled into torque and flux components in the rotational 

reference frame, the following advantages follow for this method of control:  

 

• The complexity of three phase currents is resolved into a more simple and linear 

system. 

• Increased efficiency 

• It allows for individual modulation of torque and flux, as with dc motors. 
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In order to decouple the three-phase stator currents into components that allow for the 

variation of torque, a transformation is required, first into the orthogonal two-phase 

stationary (𝛼 − 𝛽) reference frame, then into the d-q rotating reference frame.  

 

For the sustainment of an optimum torque that is commensurate to a certain stator 

current, this said current must be aligned with the quadrature axis such that the direct axis 

stator current is at zero [8].  

 

Thus, the transformations are shown below, where: 

 

 𝑖𝑠𝛼 = 𝑖𝑎 (16) 

 
𝑖𝑠𝛽 =

1

√3
𝑖𝑎 +

2

√3
𝑖𝑏  

(17) 

 

Equations (16) and (17) are based on the assumption that the phase-a axis and the 𝛼-axis 

are in the same phase. Thus a space vector diagram representation would follow as in 

figure 1 below. 

 

 
Figure 6: Stator Current Space Vector & Components (a-b and 𝜶 − 𝜷 ) [5] 

The above diagram depicts the space vector relation between stator current and the three 

phase sinusoidal system. The transformation of three-phase current into the orthogonal 

frame of reference is known as the Clarke Transformation. 

 

This transformation is further adjusted from a two-dimension orthogonal frame to a two-

dimension rotating frame of reference by the Park Transformation, which is deduced by 

equations 10 and 11 shown below: 

 

 𝑖𝑠𝑑 = 𝑖𝑠𝛼 cos 𝜃 + 𝑖𝑠𝛽 sin 𝜃 (18) 

 𝑖𝑠𝑞 = 𝑖𝑠𝛼 sin 𝜃 + 𝑖𝑠𝛽 cos 𝜃 (19) 
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The angle, 𝜃, represents the angular position of rotor and its corresponding direction of 

flux in the air gap. This angle is usually obtained via a position sensor. From these 

relations, it is possible to make a transformation into rotating d-q components, with 

which modification of torque is facilitated. With the assumption that the direct axis is in 

phase with rotor flux the resulting phase diagram depiction between both two-

dimensional frames of reference follows simultaneously in the figure below [5]. 

 

 
Figure 7: Space Vector Phasor Representation of Stator Current in Orthogonal and d-q Rotating Reference [5] 

 

For the completion of the modification of torque via these two-dimension coordinate 

systems, a voltage vector transformation is required to create a reference voltage vector, 

which is pertinent to the space vector pulse-width modulation. The inverse Park 

Transform is thus applied to the controlled direct and quadrature voltages, which are 

modified using the transformed respective stator currents previously obtained. The 

reference voltages in the direct and quadrature axes respectively, are therefore deduced 

by: 

 

 𝑉𝛼𝑟𝑒𝑓 = 𝑉𝑑𝑟𝑒𝑓 cos 𝜃 − 𝑉𝑞𝑟𝑒𝑓 sin 𝜃 (20) 

 𝑉𝛽𝑟𝑒𝑓 = 𝑉𝑑𝑟𝑒𝑓 sin𝜃 + 𝑉𝑞𝑟𝑒𝑓 cos 𝜃 (21) 

A block diagram model of Field oriented Control of PMSM drives is shown in Figure 8 

[8]: 
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Figure 8: Field Oriented Control Block Diagram Model [8] 

Despite the good measure of efficiency, the main disadvantage of the Field Oriented 

approach of torque control owes to the volatility of the system in certain situations. This 

may be as a result of potential modifications in motor parameters, as well as perturbations 

that may arise amid motor action. Another contribution to such instability may be as a 

result of computed bounds in speed control, whereby a breach leads to instability [8]. 

 

Direct Torque Control 

 

The fundamental dynamic of Direct Torque control involves the process of choosing an 

optimum vector that represents the best choice of stator voltage that is appropriate for 

manipulation of torque within the machine. This is usually as a result of error 

measurement between reference values of stator torque and flux linkage, and their 

measured values [9]. 

 

This involves the implementation of Space Vector Pulse Width Modulation, whereby the 

most suitable space vectors of stator voltage are adopted in accordance with the state of 

error between approximate values of torque and flux, and their respective references. The 

approximation of stator torque and flux depend on the measured values obtained from the 

terminals of the motor. Within the six available voltage space vectors, the most ideal 

vector is chosen. 

 

Direct Torque control is considered the best alternative for use in brushless dc motors, 

and as such is popular in that regard. There exists a modification to the conventional 

direct torque however, since it is established that the conventional direct torque scheme 

involving switching tables by virtue of the hysteresis controller, results in a larger 

measure of harmonic ripple in torque and flux. As a control measure, the implementation 

of a Proportional Integral (PI) controller and a reference flux vector calculator (RFVC) 

do well to improve upon the torque response and the ripple effects [10]. 

 

In the execution of direct torque control, there is difficulty in keeping a constant 

switching frequency in operation. According to [2], a constant switching frequency is 
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achieved by comparison of a proportional-integral controller with a fixed frequency 

carrier signal. An outer loop PI regulator would govern the regulation of speed of the 

rotor and produce an output torque reference [19]. 

 

Direct Torque control has the following advantages over Field Oriented Control: 

 

• There is no need for the measurement of rotor speed 

• There is no need for transformation between different two-dimensional coordinate 

systems, since the d-q frame measurements are referred to the stator and are not 

rotating. 

• As opposed to Field Oriented Control, Torque and flux are directly manipulated 

instead of control through the peripheral regulation of current in the direct and 

quadrature axes. 

• There are significantly lower switching losses involved with direct torque control. 

• There is no need for a position sensor to determine the angular rotor position in 

the motor, since there will be no implementation of the Inverse Park 

Transformation as described in equations (12) and (13).  

 

There are different approaches to the implementation of direct torque control. The 

conventional approach involves the use of a switching table, where two adjacent voltage 

vectors are selected to manipulate the amplitude and phase angle of the resulting vector 

for stator flux [10]. Figure 9 and 10 below illustrate respectively, a switching table and 

the block diagram representation of direct torque control implementation via the use of 

the switching table with hysteresis comparators as controllers. 

 

 
Figure 9: Switching Table Used in Inverter Switching for Conventional DTC  
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Figure 10: Block Diagram Representation of DTC with a Switching Table [10] 

 

 
Figure 11: Modified Direct Torque Control with SVPWM & Current Control Loops [16] 

 

Figure 11 illustrates the execution of direct torque control using Space Vector 

Modulation. With this process it can be seen that the feedback loops involve the stator 

winding currents and the angular speed of the rotor. This shows to be effective, since 

angular speed is shown to be directly proportional to flux, as shown in equations (1) and 

(2). The automatic speed regulator shown as a block receiving the error signal between 

measured and reference speed, and is characterized by a proportional-integral controller. 

The PI controller amplifies the error signal into a stator current reference, which is 

utilized in vector transformation and subsequent modulation. 
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Space Vector Pulse Width Modulation 

 
The concept of space vector modulation was first engendered by inputs from Robert H. 

Park and Gabriel Kron in the early 1900s, but was mathematically developed a few 

decades later by K.P. Kovacs and J. Racz [14].  

 

A space vector is a practical representation of a combination of separate phase vectors as 

a single vector. Space vector pulse width modulation is a form of pulse width modulation 

whereby a three-phase voltage vector is produced in the stator by a sequenced firing of 

the inverter switches connected to it. It has a similar dynamic of sequential gate firing of 

conventional pulse width modulation and is based on the selection of the two most 

adjacent vectors to be used in modulation.  

 

Even though brushless DC  (BLDC) motors do produce a trapezoidal back EMF, Figure 

12 below exhibits the equivalent circuit of an inverter connected to a brushless dc motor. 

This circuit and connection represents a canon methodology that also applies to 

permanent magnet synchronous motors, as the only significant difference between both 

types of motor would be the back EMF produced. This owes to the higher winding 

concentration in BLDC motors [13]. 

 

 
Figure 12: Three-Phase Inverter Coupled with a Generically Represented Brushless DC Motor with a Back-

EMF [20] 

 
With the constant rotation of stator magnetic flux, there exists a circular space-rotating 

field. This is mirrored as with vectors of voltage, whose rotating path is coincidental with 

that of the flux trajectory. The implementation of space vector pulse width modulation 

involves the use of six non-zero voltage vectors and two zero voltage vectors to generate 

a corresponding a circular flux to match that of the stator [11]. 
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The mathematical representation of the space vector for stator voltage is expressed at an 

instant in time showing [15]: 

 

 �⃗�𝑠
𝑎(𝑡) = 𝑣𝑎(𝑡)𝑒𝑗0 + 𝑣𝑏(𝑡)𝑒

−𝑗2𝜋
3⁄ + 𝑣𝑐𝑒

𝑗4𝜋
3⁄  

 

(22) 

 

Referring to figure 12 and considering that: 

 

 𝑒𝑗0 + 𝑒𝑗2𝜋
3⁄ + 𝑒𝑗4𝜋

3⁄ = 0 (23) 

 

The space vector for the average stator voltage is then rewritten to be: 

 

 �⃗�𝑠
𝑎(𝑡) = 𝑣𝑎𝑁𝑒𝑗0 + 𝑣𝑏𝑁𝑒𝑗2𝜋

3⁄ + 𝑣𝑐𝑁𝑒𝑗4𝜋
3⁄  (24) 

 

Since the gate switches in figure 12 have a sequence of on and off states, we represent the 

on state of each switch by the number 1, and all off states by the number 0. This 

facilitates representation of the space vector below: 

 

 �⃗�𝑠
𝑎(𝑡) = 𝑉𝑑𝑐(𝑞𝑎𝑒𝑗0 + 𝑞𝑏𝑒

𝑗2𝜋
3⁄ + 𝑞𝑐𝑒

𝑗4𝜋
3⁄ ) (25) 

 

Seeing that there are two switch states for each of three phases, there exists a total of 23 

possible combinations of on/off states between switches. Thus, the average stator voltage 

vector could be one of seven unique values at a given instant in time, where each value is 

a three digit binary number. Each digit is characterized by the state of the gate switch of 

each phase, a-b-c, from left to right. We therefore have resulting contributing voltage 

vectors to be [15]: 

 

 �⃗�𝑠
𝑎(000) = �⃗�0 = 0  

 �⃗�𝑠
𝑎(001) = �⃗�1 = 𝑉𝑑𝑒𝑗0  

 �⃗�𝑠
𝑎(010) = �⃗�2 = 𝑉𝑑𝑒𝑗2𝜋

3⁄   

 �⃗�𝑠
𝑎(011) = �⃗�3 = 𝑉𝑑𝑒𝑗𝜋 3⁄  (26) 

 �⃗�𝑠
𝑎(100) = �⃗�4 = 𝑉𝑑𝑒𝑗4𝜋

3⁄   

 �⃗�𝑠
𝑎(101) = �⃗�5 = 𝑉𝑑𝑒𝑗5𝜋

3⁄   

 �⃗�𝑠
𝑎(110) = �⃗�6 = 𝑉𝑑𝑒𝑗𝜋  

 �⃗�𝑠
𝑎(111) = �⃗�7 = 0  

Where �⃗�0 and �⃗�7 are zero vectors since their binary representations deem it so.  
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The vector voltages in equation (18) are hereafter referred to as “fundamental vectors”. 

They form sectors of a plot shown in figure 10. It is noted that consecutive sectors only 

differ by a single digit or binary bit [15]. 

 

 
Figure 13: Plot of Sectors Created by Fundamental Voltage Space Vectors, sans Zero Vectors [15] 

 

To achieve a successful space vector modulation, the aim boils down to the 

amalgamation of an average stator space voltage vector, �⃗�𝑠 , such that it acts as a 

reference. This contributes to a desired voltage output once the switching frequency 

remains constant, with minimal deviation from the reference, and the available voltage 

from the dc bus is as much as possible appropriated. In addition, it is desirable that the 

resulting ripple in current of the motor is mitigated as much as possible, with low 

switching losses from the inverter gates [15]. 

 

The fundamental voltage vectors are the key to the successful synthesis of the average 

stator voltage vector 𝑣𝑠 , and the satisfaction of the conditions for a desirable voltage 

output. Two fundamental voltages within a sector are sampled along with the zero 

vectors, in order to effect a change in each transition of a state of one gate switch, in turn 

allowing minimum switching loss [15]. 

 

To illustrate the synthesis of the average voltage space vector �⃗�𝑠, the operating principle 

is briefly analyzed with a focus on sector 1 in figure 10 as a generic example. Following 

this example in figure 11 below, �⃗�𝑠  is averaged over a given period, ‘Ts’, using the 

adjacent fundamental vectors �⃗�3 and �⃗�1. The fundamentals are activated for intervals 

within the total period such that �⃗�1 is activated for 𝑥𝑇𝑠 seconds and �⃗�3 is activated for 𝑦𝑇𝑠 

seconds. The zero vectors are also applied for 𝑧𝑇𝑠  seconds as well, and the resulting 

average voltage vector is then expressed as [15]: 
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�⃗�𝑠

𝑎 =
1

𝑇𝑠
[𝑥𝑇𝑠�⃗�1 + 𝑦𝑇𝑠�⃗�3 + 𝑧𝑇𝑠 ∙ 0] 

(27) 

Where 

 𝑥 + 𝑦 + 𝑧 = 1 (28) 

   

 
Figure 14: Synthesis of Average Voltage Vector in Sector 1 

 

Substituting vector notation in (19) to illustrate voltage vectors in terms of amplitude and 

phase angle: 

 

 �⃗⃗�𝑠𝑒
𝑗𝜃𝑠 = 𝑥𝑉𝑑𝑐𝑒

𝑗0 + 𝑦𝑉𝑑𝑐𝑒
𝑗𝜋 3⁄  (29) 

 

The pattern of state switching is illustrated by figure 12 and details that phase a switches 

and remains on for the duration of the sum of 𝑥𝑇𝑠, 𝑦𝑇𝑠 and 𝑧𝑇𝑠 periods. Phase c remains 

for the shortest period, and for every switch in states to a new sector, there is a change in 

state of only one phase/leg of the inverter. In figure 12, 𝑧 = 𝑧0 + 𝑧7. 
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Figure 15: Waveforms of State Switching within Sector 1 

 

An example of a simulation diagram for the generation of switching signals used in space 

vector modulation is shown in Figure 16 below [15]: 

 

 
 

Figure 16: Simulation Block Diagram of Space Vector Modulation [15] 
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Figure 17: Output of Space Vector Modulation Simulation in Fig 16 [15] 
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CHAPTER 6 

Simulation  

 

Space Vector Pulse Width Modulation 

 
First of all, a simulation is executed to implement the principles of space vector pulse 

width modulation, as studied in chapter 4. The full model shown in Figure 18 consists of 

an inverter controlled by space vector block. The system operated at a fundamental 

frequency of 60 Hz, with a switching frequency of 10 kHz and a modulation index of 

0.8485. The Space Vector Modulation block takes effect upon receiving three sinusoidal 

voltage waveforms for each phase, which are then transformed into two-phase equivalent 

orthogonal components.  

 

 
Figure 18: Full Simulation Diagram Executing SVPWM 
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In order to synthesize the average reference voltage vector, as well as regulate the duty 

cycle for modulation, the three-phase voltages are fed into a series of blocks that 

represent mathematical function models. These blocks were programmed in MATLAB 

accordingly. Codes for each block are shown in Figures 20 and 21. 

 
The three voltage signals were transformed into the orthogonal two-axis rotating 

reference frame, as illustrated by the Clarke transformation matrix in equation (12). The 

two-axis voltage signals are used in calculating the average reference voltage vector 

using the instantaneous values obtained by the Clarke Transformation. The angle 𝜃 , 

created by the 𝛼 and 𝛽 voltages is also deduced and fed into the sector function block, 

which calculates the sector number within which the reference voltage is being averaged. 

The algorithm involved in this process is illustrated more clearly in Figure 20. Another 

angle used in the simulation was determined, as the difference between the angle 𝜃 and 

the reference voltage vector. The calculated reference voltage vector, together with the 

deduced angle 𝜙 and the switching period, serve as inputs to a function that estimated the 

switching times required for the transistor gate switching duty cycle. The switching 

periods calculated are then compared with the switching period of the triangular ramp 

and these determine the sequence of switching within the inverter.  

 

 

 
Figure 19: Inner Configuration of Space Vector Modulation Block 
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Figure 20: Flow Chart of Sector Number Determination based on 𝑽𝜶 & 𝑽𝜷 [18] 

 

 
Figure 21: Inner Configuration of Triangular Pulse Generation Bloc 
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Figure 22: Output of Voltages Transformed from 3-phase to Two-Phase 

 

 
Figure 23: Output of Switching Signals into the Inverter (S1, S3, S5) 
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Figure 24: Output of Sinusoidal Three-Phase Current to the Load 
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Figure 25: MATLAB Codes for Clarke Transformation, Voltage Reference Generation, Switching Time 

Calculation, and Sector Number Function Blocks 

 
Figure 26: MATLAB Codes for 𝝓 Angle and Duty Cycle Calculations 
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Permanent Magnet Synchronous Motor With Direct Torque Control 

 

The motor drive model under consideration encompassed the simulation of the operation 

of the permanent magnet synchronous motor perturbed by changes in load torque with 

time. It began with a 400 dc-link-voltage IGBT-based inverter that was fed into a three-

phase salient pole permanent magnet synchronous motor with a sinusoidal back-EMF. 

The measuring signal terminal output the machine’s stator current in the d and q frame, 

electromagnetic torque produced, and the speed of the rotor with changing conditions. 

The rotor angle of the shaft was also measured, but only as it was required for one of the 

two feedback loops involved.  

 

 
Figure 27: Simulink Block Diagram of PMSM Direct Torque Control 

 

The first feedback was important for the compensation in deviation of rotor speed, which 

was required to gauge the response of the machine speed to changes in load torque. Here 

the measured speed of the rotor was compared with a reference speed, and the sum that 

was produced in the comparison was then fed into a PID controller for increased efficacy. 

The resulting signal was then amplified to produce a reference stator current for 

transformation into three-phase, and further modulation for the inverter gate signals. 

 

A position sensor was imitated by measuring the rotor angle, 𝜃, which was then an input 

to the d-q to a-b-c transformation into vectors for space vector pulse-width modulation.  
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Figure 28: Internal Components of Transformation Block 

 

 

Seeing as the control of three-phase stator vector current depends heavily on the location 

of the rotor shaft by virtue of it’s angle, the transformation block simply consists of a set 

of functions that emulate the transformation equations shown below: 

 

 𝑖𝑎 = 𝑖𝑞 cos 𝜃 − 𝑖𝑑 sin 𝜃 (14) 

 𝑖𝑏 = 𝑖𝑞 cos( 𝜃 − 2
3⁄ 𝜋) − 𝑖𝑑 sin(𝜃 − 2

3⁄ 𝜋) (15) 

 𝑖𝑐 = 𝑖𝑞 cos(𝜃 + 2
3⁄ 𝜋) − 𝑖𝑑 sin(𝜃 + 2

3⁄ 𝜋) (16) 

 

 
Figure 29: Function Block Parameters for dq-abc Transformation 
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Since the direct axis is closely related to flux and the quadrature to torque, there is no 

need for a d-axis reference here, as the torque is the parameter of interest here. The 

transformed vector was then fed into the space vector pulse width modulation block 

model, which consisted of a set of relays that fired sequentially in comparison with the 

initially measured three-phase currents of the machine. The modulated signal was fed 

back into the gates of the inverter, which completed the feedback.  

 

The simulation was ran for 1 second, and was initially running under regular loaded 
conditions until 0.3 seconds, when mechanical torque input was reduced to simulate 
an increase in load. The outputs of the above simulation are shown below, 
displaying the behavior of q-axis stator current, angular rotor speed and 
electromagnetic torque. As can be observed in figure 14 below, the machine under 
initial load conditions, reaches steady state after an initial perturbation in about 
0.22 seconds, and then is further disturbed when the load is increased. The current 
experiences a ripple as it goes into steady state and then dips as the load changes. 
Another ripple is experienced before a final steady state is approached. 
 
 

 
Figure 30: Output of q-axis Stator Current 

 
In figure 15, the response of the rotor speed was observed, although it experienced 
a slight movement about the change in load, the overall change in load did not cause 
much of a change in speed after it reached steady state. This may be as a result of 
the fact that speed changes with change in load and therefore the increase in load 
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caused a commensurate change in load speed and therefore did not exhibit a large 
net deviation.  
 
 

 
Figure 31: Output of Rotor Speed with Change in Load 

 
Figure 16 below exhibits the changes in torque at the output of the machine, where 
it can be observed that the torque experienced a disturbance but achieved a steady 
output right before the load was changed. The net load torque then fell, where a 
ripple can be observed at the point where a steady state was achieved.  
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Figure 32: Output of Electromagnetic Torque Produced 

 
Evidently, the final steady state achieved is not at its most stable, as some residual 
harmonic ripples can be seen after 0.3 seconds. 
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CONCLUSION 

 

In this paper, the characteristics of direct torque control and field-oriented control were 

analyzed and weighed against each other. Due to the complex nature and volatile 

sensitivity of field-oriented control to parameter and load torque variations, only direct 

torque was simulated using MATLAB/Simulink. Replacing the conventional look-up 

table with space vector modulation, however, modified the iterative algorithm applied to 

the simulation. This is because the switching table would exacerbate torque ripples in the 

event of varying parameters of the motor drive or variation in load.  

 

The changes in load in the simulation demonstrated the system response as previously 

shown in the figures, with slight transient ripples in torque. Deviations were offset by the 

implementation of a PI controller, which provided a reference torque for steady state. The 

controller was also responsible for maintaining a constant speed after stability was 

established. The variation in load therefore demonstrated a semblance of resilience as 

opposed to conventional direct torque by the use of switching tables. 

 

Space vector modulation was also explored and demonstrated, exhibiting the 

maintenance of a nearly constant switching frequency, which takes part responsibility for 

the robust response to changing load conditions. A simple simulation of space vector 

modulation successfully exhibited its operation. 
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