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 Hysteresis controllers (HC) are used to limit the torque and flux in the 

control band in conventional configuration of direct torque control (DTC) 

while in the space vector pulse width modulated (SVPWM) DTC, the HC are 

switched to PI or PID controllers. This paper presents a modern approach for 

the speed control applied on a DTC of a permanent magnet synchronous 

motor (PMSM) using the Cuckoo Search Optimization (CSO) algorithm in 

order to optimize the PI speed controller parameters of the outer loop and 

PID flux and torque controllers of the inner loop. The system is tested at no 

load and with a step change in load. The performance of the controllers is 

presented and the results of simulation indicate a very rapid dynamic 

response and the system achieves the steady state (SS.) in a very short time. 

Also it shows that both the SS and dynamic performances are improved by 

applying of the CSO algorithm. The proposed DTC simulation model of the 

PMSM is presented using MATLAB/SIMULINK and capable of simulating 

both the steady-state and dynamic response. The CSO results are compared 

with another control strategy that incorporates fuzzy logic controller (FLC) 

with DTC. 
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1. INTRODUCTION 

Due to attractive characteristics of PMSM, it has been universally used as a variable speed drive. 

Some of these features are its high efficiency, light weight, small volume and inertia hence high torque to 

inertia ratio, ease of control, maintenance free and high SS torque density [1]. Any high performance drive 

application generally requires fast torque response. AC drives have advantages of compactness, robustness, 

low maintenance, and economy. Due to growth in power electronic devices, great improvements in AC 

drives can be achieved. Variable frequency control strategies of AC machines include scalar control (SC) and 

field oriented or Vector Control (VC). SC uses magnitude and frequency control but VC uses orientation 

besides the magnitude. Variants include the DTC that also exploits orientation but aims to control the current 

and hence the torque via switching the voltage more directly [2]. 

In 1980, DTC was suggested for induction machines while it is applied on PMSM In late 1990's [3]. 

DTC principle has been widely used for motors drives with fast dynamics. Despite its simplicity, DTC 

strategies are capable of producing fast flux and torque control. The main advantages of DTC are absenc of 

co-ordinate transformation, no speed or position encoder is required and less dependence on the motor 

parameters. The main weakness of DTC is high torque ripples [4], [5]. The key element of a DTC drive is the 

estimation of stator flux linkage. DTC considered an accepted vector control way and one of the common 

control approaches for PMSM drives. With the purpose of taking full advantage of DTC, the control principle 

has to be considered [6]. 
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Once using HC, large flux linkage and torque ripples are generated while in the SVPWM DTC the 

controllers are mainly exchanged with PI or PID controllers. In this paper, DTC scheme incorporating 

SVPWM inverter, for a PMSM speed control has been presented, that characterized by fast dynamic response 

with lower ripples in the torque and speed, lower dependency on the motor parameters and current 

controllers’ elimination [7]. Now it is recognized that the high-performance control strategy for PMSM is the 

DTC and it can be implemented in the industrial products successfully. [8] 

In recent years, researchers have acquired significant development on various control theories and 

methods. One of these control technologies are intelligent control methods like fuzzy logic (FL), neural 

network, genetic algorithm, particle swarm (PS), ant-colony, gray wolf, simulated annealing, expert system 

etc. Simplicity and no need for mathematical model are the main features of these controllers that are suitable 

for nonlinearities and uncertainties of electrical machines [9]. 

Recently, researches are made in DTC of PMSM based on FL-type-1, FL-type-2 and artificial neural 

network and in controlling PMSM using the DTC strategy with PS optimization technique or by using 

combination of control strategies and optimization techniques like tuning PI-controller using swarm 

algorithm or intelligent FLC using PS optimization [10-16]. Nowadays, PS algorithms have become famous 

due to its simplicity. CSO is considered to be one of the latest swarm intelligence algorithms [17], which is 

based on simulating the searching behavior of a certain family of birds which is Cuckoo birds [18-20], which 

have an destructive life style which appears in the reproduction phase of their life, where these birds put their 

eggs on common nests with other birds [19], [21]. 

CSO idealized such breeding behavior, and can be applied in several optimization problems. It 

seems that it can outperform other metaheuristic algorithms in applications [21]. The CSO starts with an 

initial generation of particles. These first particles or cuckoos have some eggs to lay in several host birds’ 

nests. Some of these eggs which are more like to the host bird’s eggs have the chance to pick up and become 

an old bird. The rest eggs are identified by host birds and are destroyed. The big eggs show the suitability of 

the nests in that environment. The more eggs survive in an environment, the more profit is achieved in that 

territory. Therefore the location in which large eggs how survive would be the term that CSO is going to 

optimize [22]. 

In CSO, each egg inside nest acts as a solution but a cuckoo egg constitutes a new solution. The 

target is to utilize new and potentially superior solutions to replace less superior solution in the nests. Each 

nest contains one egg in simplest form and the algorithm can be stretched to more complex cases where each 

nest contains multiple eggs that represent set of solutions. The features of the CSO are its capability to 

concurrently refine a local search, as searching globally solution in search space and it is speedy, requiring a 

low time to discover the optimum result in search space [21]. In this paper, CSO is used to optimize control 

parameters PID controllers of DTC of PMSM and a comparison between this configuration and incorporating 

FLC to the DTC scheme will presented. 

 

 

2. RESEARCH METHOD 

The DTC basic principle is to control electromagnetic torque (Te) and stator flux (ψs) directly by 

selecting an optimum voltage vector according to the difference between reference and actual values of 

torque and flux. The basic DTC scheme that incorporates hysteresis comparators is shown in Figure 1. 

 

 

 
 

Figure 1. The basic DTC Technique 

This paper presents the DTC using SVPWM. SVPWM technique enables operation at a constant 

switching frequency. Based on the instantaneous values of current and voltage it is possible to calculate the 
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required voltage to force Te and ψs to the needed values within a fixed time period. This calculated voltage is 

then synthesised using SVPWM. For estimating instantaneous flux and the output torque, applied voltage 

values and motor currents can be used. 

To test the algorithms the system was simulated using the Simulink-Power-System Blockset that 

permits a complete representation of the power section (inverter and PMSM) and control system. The control 

algorithms were constructed, and then the whole drive system is simulated and tested to verify the concept 

and analysis of DTC. Figure 2 represents the proposed PMSM drive block diagram with DTC using 

SVPWM. 

 

 

  
  

Figure 2(a). Overall Proposed System Figure 2(b). Torque and Flux Controllers Block 

  

  

 
 

  

Figure 2(c). PMSM Block Figure 2(d). Flux Observer Block 

 

Figure 2. The proposed DTC scheme of the PMSM with SVPWM 

 

 

The system consists of inner torque loop, inner stator flux loop and finally an outer speed loop. 

Whenever a speed command (ωref) is given, the system automatically compares it with actual speed (ωr) since 

the error of speed directly reflects torque, the output of speed PI controller is used as a reference torque (Tref) 

to make the necessary torque adjustment. Once the proper adjustment is done, ωr should follow the given 

reference ωref. Simultaneously, the DTC system samples stator current and DC link voltage, which are used 

to estimate ψs and Te. These values are compared with stator flux reference value (ψref) and Tref respectively. 

Based on these results, an optimal voltage signals are generated and used to calculate the timing of SVPWM 

signals, which is sent out to the switches gating to control the motor drive [23], [24]. 

 

 

3. SIMULATION RESULTS AND DISCUSSION 

A standard approach for speed control in drives is the use of a PI controller. Recent developments in 

artificial intelligence based control have brought in to focus a possibility of optimizing all the control 

parameters. In this research work all the parameters of the PI speed controller of the outer loop and PID flux 

and torque controllers of the inner loop are optimized using CSO algorithm. 

The system is tested at reference speeds equals 1000 rpm and 2000 rpm at no load and when loaded 

with ¼ of full load (0.55 N.M) and half load (1.1 N.M) with a step change in load. The value of ψref is 0.29 

Wb and switching time (Ts) equals 0.0002sec and the motor data used is reported in appendix (A). 

3.1.  At No Load 
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Figure 3 shows the simulation result at no load at 1000 rpm reference speed with PI speed controller 

and PID flux and torque controllers optimized by CSO. The system reaches its SS. in time less than 0.0142 

sec with 0.934% overshoot and -0.0146% SS. error. 

Figure 4 indicates the simulation result at no load at 2000 rpm reference speed with PI speed 

controller and PID flux and torque controllers optimized by CSO. The system reach its SS. in time less than 

0.6 sec with 8.9% overshoot and 0.0014% SS. error, the flux response is maintained to its predetermined 

value with 1.7% SS. error. 

 

 

 
 

Figure 3(a). Motor Speed 

 

 

  
  

Figure 3(b). Te & Tref Figure 3(c) Flux Locus 

  

  

 
 

  

Figure 3(d). Three Phase SS. Current Figure 3(e). Ψs 

 

Figure 3. Simulation Results at No Load and Reference Speed of 1000 rpm Under DTC with PI Speed 

Controller and PID Flux and Torque Controllers Optimized by CSO 
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Figure 4(a). Motor Speed 

 

  
  

Figure 4(b). Te & Tref Figure 4(c). Flux Locus 

  

  

  
  

Figure 4(d). Three Phase SS. Current Figure 4(e). Ψs 

 

Figure 4. Simulation Results at No Load and Reference Speed of 2000 rpm Under DTC with PI Speed 

Controller and PID Flux and Torque Controllers Optimized by CSO. 

 

 

3.2. When Loaded 

The system is loaded with 0.55 N.M and 1.1 N.M with a step change in load at t=1.0 sec. Figure (5) 

shows the simulation result at this loading case at 1000 rpm reference speed with PI speed controller and PID 

flux and torque controllers optimized by CSO. The system reach its SS. in time less than 0.0143 sec with rise 

time equals 0.0118 sec, 0.7006% overshoot and - 0.0255% SS. error. 
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Figure 5(a). Motor Speed 

 

 

  

  

Figure 5(b). Te & Tref Figure 5(c). Flux Locus 

 

 

  
  

Figure 5(d). Three Phase SS. Current Figure 5(e). Ψs 

 

Figure 5. Simulation Result at Reference Speed of 1000 rpm and Load Step Change from 0.55 NM to 1.1 

NM at t=1.0 Sec Under DTC with PI Speed Controller and PID Flux and Torque Controllers Optimized by 

CSO 

 

 

Figure 6 shows the system simulation result at this loading case at 2000 rpm reference speed with PI 

speed controller and PID flux and torque controllers optimized by CSO. The system reach its SS. in time less 

than 0.51 sec with rise time equals 0.0393 sec, 8.9% overshoot and - 0.002% SS. error. 
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Figure 6(a). Motor Speed 

 

 

  
  

Figure 6(b). Te & Tref Figure 6(c). Three Phase SS. Current 

  

  

  
  

Figure 6(d). Flux Locus Figure 6(e). Ψs 

 

Figure 6. Simulation Result at Reference Speed of 2000 rpm and Load Step Change from 0.55 NM to 1.1 

NM at t=1.0 Sec Under DTC with PI Speed Controller and PID Flux and  

Torque Controllers Optimized by CSO 

 

 

Figures 3, 4, 5 and 6 show that the DTC using SVPWM with optimizing PID controllers by CSO 

can produce very rapid changes in torque output under transient conditions while maintaining low current 

distortion in steady-state operation. Also a rapid torque dynamic response can be noted and the system 

achieves the steady status in less than 0.51 sec. 

 

 

4. COMPARISON WITH FUZZY 1&2 

The research work [25] introduces the same motor to test the controller capability at various 

conditions under DTC using SVPWM with both FL-type-1, FL-type-2 controllers replacing the PI speed 

controller with a FLC and keeping both PID flux and torque controllers. Table 1 presents the simulation 

results of DTC of PMSM using SVPWM with both FL-type-1, FL-type-2 controllers and with optimizing 

PID controllers by CSO at reference speed equals 2000 rpm when the motor loaded with 0.55 N.M and 1.1 

N.M with a step change in load at t=1.0 sec. 
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Table 1. Comparison at 2000 rpm Reference Speed when Loaded with 0.55 N.M and 1.1 N.M with a Step 

Change in Load at t=1.0 sec 
PMSM response Fuzzy-1 Fuzzy-2 CSO 

Speed response 

Ripples 0.005% 0.0005% 0.002% 

Rise time 60ms 47ms 39.3ms 

S.S time 420ms 380ms 510ms 
Overshoot 0% 0.2% 8.9% 

S.S. error 0.75% -0.275% -0.002% 

 

 

Comparing all the results it is obvious that CSO optimized controllers introduces improved 

performance in starting and SS. where it reduces the SS. error of the system and reduces the rise time also it 

has less ripples but the FL-type-1 and FL-type-2 controllers introduce less overshot. These comparison 

results may open a way to deep use of optimization techniques with electrical motor controllers to get  

better performance. 

 

 

5. CONCLUSION 

In this research article, an optimization based on CSO algorithm is introduced to enhance both the 

SS. and dynamic performances of a DTC speed controller of a PMSM. Variables of the PI speed controller of 

the outer loop and two PID controllers for the flux and torque of the inner loop are chosen as design variables 

whose values are tuned in CSO procedure for the PMSM Control. The drive system components has been 

simulated using MATLAB SIMULINK and simulation is performed for several cases, 

Simulation results indicate that this new control strategy provides a good dynamic response and 

improves the SS. performance. The use of CSO as an optimization algorithm enhances the control 

performance. The configuration of optimizing the PI and PID parameters of the controllers using CSO is 

compared with that uses FLCs with DTC. From the comparison, it may be concluded that the responses with 

the DTC are quicker and the DTC system has a much better SS. performance while retaining the good 

dynamic performance and the new proposed control strategy dominates the control output to significantly 

reduce SS. error of the system. The experimental set up is going on and the practical test will be reported 

later. 
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APPENDIX 

Appendix. PMSM Parameters 
Data Value 

Rated speed in rpm (ωrated) 3000 
Rated torque in N.M (Trated) 2.2 

No. of Pair Poles (p) 3 

Winding resistance in ohm (R). 11.0 
Winding inductance in mH. (Lw) 25 

Rotor moment of inertia in kg.m² (J) 1.6 

Maximum Flux in Wb (Ym) 0.295 
Dc Link Voltage in V (Vdc) 350.0 
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