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Abstract. In article, the direct torque control method of the synchronous electric drive is 
considered. This control method is characterized by high performance, robustness and small 
frequency of switching of keys of the converter. The algorithms and structure of direct torque 
control of the synchronous electric drive allow creating its operation modes by impact on the form 
of a triangle with sides: flux linkage of the stator, a rotor, and resultant flux linkage. 

1. Introduction 
The main differences of direct torque control from classical field oriented control are discretization of 
regulation of vectors of a magnetic flux of the stator and the electromagnetic torque of the motor. In other 
words, the system does not contain the coordinate converter, and in each timepoint fixed not the 
instantaneous position of a vector of flux linkage of the stator, and only the sector number in which it is at 
present [1]. Such approach allows reducing the number of the operations executed by the microcontroller 
per unit of time and, considering the modern opportunities of an computing technique, provides the best 
system performance. 

Advantages of such control method are:  
– one measured motor parameter – the resistance of the stator;  
– small load of the microprocessor device of control signals;  
– absence of the rotor position sensor of the motor. 
Now development of a direct torque control is dictated by the significant progress in the field of 

information and power electronics [2]. 
It is necessary to consider a two control method of the induction motor for the decisions required from 

control system high performance and accuracy: field oriented control (FOC) and direct torque control 
(DTC). The first method was offered more than 40 years ago. Approximately, 15 years later, the second 
method for control of the induction motor [3] was offered. In the late nineties, the ideas of direct torque 
control extended as well to the synchronous electric drive with permanent magnets on a rotor. 

2. Methods and materials 
Control motion along the stator bore of a wave of a magnetic flux is the basic principle of operation of the 
synchronous motor with DTC. The half wave of this flux can be regulated by the amplitude and speed 
(i.e. by frequency). The authors will provide this half wave as vector ψ (see Fig. 1), having regulated 
amplitude ψ and an angle of rotation α [4]. Value of amplitude ψ impacts value of phase currents of the 
synchronous motor, and an angle α – the frequency of the same currents forming the symmetric three-
phase system. If the vector ψ in case of rotation in the same side, as a rotor of the synchronous motor, 
"runs forward", then the motor develops the positive torque "forward", in case of lag – "backward" [5]. 

In the publications devoted to DTC control of the synchronous motor with permanent magnets on a 
rotor, it is offered to regulate a value and an angle of rotation of a vector of flux linkage of the stator ψS 
[6]. There are publications on DTC of the reluctance electric drives where it also offered to regulate a 
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vector of flux linkage of the stator. At the same time, not enough attention is paid to features of formation 
of the electromagnetic torque in the synchronous machines and in this control method [7]. 

The concept of field-oriented control of the a.c. synchronous motors is tightly connect to a concept of 
a torque triangle. The sides of this triangle are vectors of flux linkage of the stator, a rotor and resultant 

flux linkage. Influencing the form of a triangle by means of the control system, it is possible to realize 
different operation modes of the electric drive [8]. 

In case of implementation of DTC control laws, it is also necessary to consider influence of different 
laws of modulation of a voltage vector [9]. 

For DTC of the synchronous motor with the active rotor (with the field winding or with permanent 
magnets on a rotor) (Fig. 2, a), it is possible to construct a torque triangle on two sides (resultant flux 
linkage and flux linkage of a rotor) and an angle in between [10]. Such option of creation is explained by 
the reference for the considered system of values of the electromagnetic torque, resulting flux linkage and 
values of excitation of a rotor. 

For DTC of the synchronous motor with a reluctance rotor (with a passive rotor) [11, 12] (Fig. 2, b) a 

torque triangle can be constructed on the side (resultant flux linkage) and two adjacent angles (an angle 
between flux linkage of the stator and a rotor always of the right angle, the angle between flux linkage of 
a rotor and a resultant flow is set by the value of the torque, and the resultant angle equals the sum of 
angles in a triangle 180 °) [13]. 

For detection of features of DTC of the synchronous motor, the authors addressed the similar principle 
of control of the induction motor which is described in many sources, for example, in [14]. If vector of 
resultant flux linkage rotates in one side, then the torque will increase, in case of rotation in other side – to 
decrease. 

 

Figure 1. The representation of the half-wave of the magnetic flux of the synchronous machine of the 
space vector ψ 

 

Figure 2. Production of the torque triangle in a synchronous electric drive with DTC: A) - active rotor; 
B) - reluctance rotor 
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Feature of the considered control method to the synchronous motor is the accounting of sign-variable 
character of the electromagnetic torque in case of rotation of a vector of resultant flux linkage concerning 
a rotor. In case of the active rotor, the torque has one period on one electrical revolution of rotor (Fig. 3, a 
curve 1) [15]. Here it is possible to select a section of increase of the torque and a section of reduction of 
the torque. 

For a reluctance rotor – two periods are on one electrical revolution and on two sections of reduction 
and increase in the torque (Fig. 3, curve 2). Thus, it is necessary in addition to the position of a rotor to 
calculate an angle of rotation of a resultant vector of flux linkage of rather magnetic axis of a rotor for 
direction finding of rotation of this vector that would cause the required change of the electromagnetic 
torque [16]. 

3. Calculations and experiments 
In Fig. 4 the block diagram of DTC control of the synchronous motor is shown. The control object is 
provided by the synchronous machine (SM) which receives a supply from the three-phase frequency 
converter (UZ) executed by the two-unit principle [17]. The rectifier is realized on uncontrollable keys, 
the inverter represents six transistors, which are switched on a three-phase bridge circuit. The switching 
table, controllers of speed, the torque and a flux, and the model of the synchronous machine provide the 
control system [18]. 

 
The relay characteristic of torque controller and of a flux controller, first, promotes a forcing of 

processes in the subsequent links of direct circuit, increasing performance of system of the electric drive, 
and secondly, sharply simplifies logic of operation of the subsequent links of the control system, 
restricting the change of their status to a limited set of the fixed values [19]. The model of the 
synchronous machine (SM) is implemented based on a system of equations in d-q coordinates: 

 

Figure 4. Block diagram of the DTC of synchronous electric drive 

 

Figure 3. The power-angle curve of the synchronous machine: 1 – active rotor; 2 – reluctance rotor 
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where Ud, Uq and id, iq – voltages and currents in coordinates of d and q; R – ohmic resistance of 
windings; Ld, Lq – inductance of windings in coordinates of d and q, ωr – angular speed of a rotor, p – 
number of pairs of poles, ψr – flux linkage of a rotor. 

The system works as follows: input signals of the speed reference ωref and resultant flux linkage ψref 
comes to inputs of summator of a speed loop and a control loop of a magnetic flux. From outputs of 
summator, error signals of speed and of flux come to inputs of controllers of a flux and speed [20]. Output 
signal of the torque reference comes to input of the summator of a control loop of the torque from a speed 
controller, and the signal from an output of the relay controller of a flux comes to the table of switching. 

The error signal of the torque comes to input of the appropriate controller, and from the output of this 
controller comes to the table of switching. Control signals comes to the converter from the unit "table of 
switching" where the resultant vector of voltage formed from values of signals at outputs of controllers 
(XΨ and XМ) and the actual coordinates of the electric drive is created: rotation angle of vector of resultant 
flux linkage αΨ and rotation angle of a magnetic axis of a rotor αr. The called coordinates of the electric 
drive comes from an output of the model of the synchronous machine [21, 22]. 

It is known that in the symmetric three-phase systems with the harmonic character of change of phase 
voltage, this vector can be calculated as: 
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Theoretical and the experimental researches allowed evaluating dynamic indexes of the electric drive 

with the synchronous machine in the block with DTC. The main criterion of a research was performance 
of the electric drive with the reluctance motor in case of change of parameters of a ratio Ld/Lq. The 
program based on the data obtained by means of the generalized mathematical model gave the chance to 
evaluate electric drive parameters with the synchronous machine [23, 24]. 

 

Figure 5. Dynamic characters of the synchronous electric drive with for DTC  
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The research was performed on purpose to reveal dependence of response time (control loop of the 
electromagnetic torque) in case of change parameters Xd/Xq, at the same time amplitude of the vector of 
the flux linkage of the stator Ψ, value which moved on a system input controls, was different. Results of 
the research are shown on Fig. 5 in the form of a surface. Response time in a control loop of the torque 
practically does not change as in case of complete flux, and in case of a setting of a flux, equal to a half of 
a complete flux [25, 26]. 

4. Conclusion 
Change of parameters of the reluctance motor slightly impact dynamic indexes in case of DTC. On a 
laboratory prototype, the synchronous machine (for one value of a ratio Xd/Xq) similar researches were 
perform. Obtained results of theoretical and the experimental researches are almost identical [27]. 

In case of the discrete system, this function is separated into sections, and within one zone voltage 
remains to constants. The choice of sector is carried out by the algorithm described in based on an output 
of the two-level controller of a flux and the three-level controller of the torque where the third level is a 
zero state [28]. 

The distinctive feature of this system is mandatory existence of the rotor position sensor for restriction 
of the displacement angle between a resultant vector of a magnetic flux and a magnetic axis of a rotor. As 
a result of mathematical simulation it is shown that performance in a control loop of the torque is same, as 
well as in the induction motor, and does not exceed (2–3) ms, that is, urgent for technological 
mechanisms with increased requirements on performance and accuracy, for example, for the electric drive 
of feed of cold pilgering mill [29, 30]. 

Acknowledgements 
«The work was supported by Act 211 Government of the Russian Federation, contract № 
02.A03.21.0011» 

References 
[1] Gorozhankin A N, Grigor’ev M A , Zhuravlev A M and Sychev D A 2015 Parametric optimization 
of a synchronous electric drive with improved mass and size parameters Russian Electrical Engineering 
86 (12) 697–699 
[2] Dudkin M M, Tsytovich L I and Nesterov A S 2015 Adaptive units and control systems of power 
semiconductor converters on the basis of integrating scanning conversion Procedia Engineering 129 
933–936 
[3] Dudkin M M and Tsytovich L I 2015 Adaptive integrators to control power valve converters 
Russian Electrical Engineering 86 (12) 681–685 
[4] Tsytovich L I, Dudkin M M, Brylina O G and Tyugaev A V 2015 Integrating pulse-number ADC 
with high temporal and temperature stability of characteristics Automatic Control and Computer Sciences 
49 (2) 103–109 
[5] Funk T A, Saprunova N M, Belousov E V and Zhuravlev A M 2015 Indirect determination of the 
displacement components in an electric motor drive Russian Electrical Engineering 86 (12)  
716–718 
[6] Smirnov Y S, Yurasova E V and Funk T A 2015 Energoinformatics of a gearless mechatronic 
systems Procedia Engineering 129 992–996 
[7]  Tsytovich L I, Brylina O G 2015 Pulse-width and pulse-frequency-width sweeping converters for 
potential separation of DC circuits Automatic Control and Computer Sciences 49 (5) 293–302 
[8] Shestakov A V, Zhelnin V V and Ismiev R N 2016 An experimental study of the 
operatingcharacteristics of an asynchronous motor with pulse supply Russian Electrical Engineering 87 
(6) 333–339 
[9] Boguslavskii I Z, Kruchinina I Y, Lyubimtsev A S, Khozikov Y F and Pal’tseva V V 2016 High-
speed synchronous machines: A computer system for the study of the effect of rotor radialeccentricity on 
electromagnetic forces Russian Electrical Engineering 87 (4) 206–210 
[10] Grigor’ev M A, Naumovich N I and Belousov E V 2015 A traction electric drive for electric cars 
Russian Electrical Engineering 86 (12) 731–734 
[11] Ismagilov F R, Khairullin I K, Polikhach E A and Vavilov V E 2016 A study of magnetic rotor 
systems of high-speed electromechanical energy converters Russian ElectricalEngineering  
87 (4) 194–198 
[12] Grigor'Ev M A 2013 A control system for an electric drive with a synchronous reluctance machine 



6

1234567890

IPDME 2017 IOP Publishing

IOP Conf. Series: Earth and Environmental Science 87 (2017) 022020    doi   :10.1088/1755-1315/87/2/022020

with separate excitation Russian Electrical Engineering 84 (10) 560–565 
[13] Pavlenko A V, Gummel’ A A, Batishchev D V and Baumbach E 2016 A control algorithm for the 
magnetic drive of an air-pulse valve of an internal combustion engine RussianElectrical Engineering 87 
(4) 189–193 
[14] Kalmykov A N, Sen’kov A A, Sen’kov A P and Ryabov A A 2016 A brushless electric motor with 
a transverse magnetic flux and disk rotor Russian Electrical Engineering 87 (4) 202–205 
[15] Aleksandrov A V, Kiselev I P and Makarova E I 2016 Simulations of electromagnetic processes in 
an asynchronous traction drive of automatic electric braking of an electric train Russian Electrical 
Engineering 87 (5) 256–259 
[16] Alekseev V V, Emel’yanov A P and Kozyaruk A E 2016 Analysis of the dynamic performance of a 
variable-frequency induction motor drive using various control structures and algorithms Russian 
Electrical Engineering 87 (4) 181–188 
[17] Stashinov Y P 2016 On the issue of control system adjustment of a direct current drive on the 
modular optimum Russian Electrical Engineering 87 (1) 
[18] Grigoryev M A and Kinas S I 2014 A mathematical model of the synchronous reluctance machine 
with independent control along the excitation line Russian Electrical Engineering 85 (10) 645–648 
[19] Grigor’ev M A, Sychev D A, Zhuravlev A M, Khayatov E S and Savosteenko N V 2015 Improving 
the reliability of electric drives of exhausters of the oxygen-converter process Russian Electrical 
Engineering 86 (12) 728–730 
[20] Domracheva Y V and Loginov S Y 2016 A mathematical model of a synchronous reluctance 
bearingless machine as a control object Russian Electrical Engineering 87 (3) 134–139 
[21] Shreiner R T, Medvedev A V and Polyakov V N 2016 Electromechanical resources of a frequency-
controlled synchronous electric drive in continuous periodic operating modes Russian Electrica 
Engineering 87 (6) 320–326 
[22] Gulyaev A V, Fokin D S, Ten E E, Skorik V G and Shukharev S A 2016 Research and 
development of conversion of direct current voltage to the quasi-sinusoidal voltage with pulse-width 
modulation Russian Electrical Engineering 87 (2) 90–92 
[23] Grigor’ev M A 2015 Synthesis of electric drives realizing limit operating regimes in terms of 
operation speed and overload capacity Russian Electrical Engineering 86 (12) 694–696 
[24] Gladyshev S P, Usinin Y, Valov A, Grigoryev M and Bychkov A 2010 Pulse vector control of 
wound rotor induction motor SAE Technical Paper 
[25] Grigoryev M A 2014 Specifics of power circuit arrangements of semiconductor converters for 
power supply to synchronous reluctance machines Russian Electrical Engineering 85 (10) 601–603 
[26] Grigoryev M A, Gorozhankin A N, Kinas S I and Belousov E V 2014 Dynamic parameters of 
active rectifiers Russian Electrical Engineering 85 (10) 638–640 
[27] Usinin Y S, Grigorjev M A, Vinogradov K M and Gladyshev S P 2008 Generator for 
vehicleapplications, based on the field regulated reluctance machine SAE Technical Paper 
[28] Funk T A, Saprunova N M, Belousov E V and Zhuravlev A M 2015 Indirect determination of the 
displacement components in an electric motor drive Russian Electrical Engineering 86 (12) 
[29] Rusakov A M, Sugrobov A M, Okuneeva N A and Solomin A N 2016 The effect of 
electromagnetic load on the basic dimensions of induction salient pole generators Russian Electrical 
Engineering 87 (3) 130–133 
[30] Usynin Y S, Shishkov A N, Sychev D A, Savosteenko N V and Khayatov E S 2015 Improving the 
energy efficiency of electric drives of reciprocating rolling mills Russian Electrical Engineering 86 (12) 
709–711 
 


