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 In this research paper a method for the robust speed control of Indirect Field 

orient controlled induction motor (IM) is proposed. The quantitative feedback 

theory (QFT) in implemented to design the controller in order to achieve the 

desired performance for the closed loop system in the presence of 

uncertainties and parameter variations. In this research work the QFT based 

controller is designed for the simplified model of IM. The worst case of 

uncertainties and all possible parameter variations are taken into 

consideration. The IM with the controller developed is simulated using the 

MATLAB/Simulink and the results are analyzed and compared with the 

conventional proportional integral derivative (PID) controller. The time 

domain and frequency domain analysis of both controllers were conducted 

and compared. A study on the nature of electromagnetic torque and control 

signal is also included to justify the effectiveness of proposed controller. The 

simulation results verify the superior performance of the proposed robust 

control method compared to PID controller. 
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1. INTRODUCTION 

Electrical drives play major role in modern industries and automation processes especially where the 

accurate speed control is the main requirement. With the advancement of power electronic technologies, a 

digital signal processor (DSP) and micro controllers, and the development of many control algorithm in the 

speed control field, the performance of AC speed regulation system is becoming more and more superior. With 

the implementation of vector control scheme [1], the induction motor (IM) decouples the torque and flux, so 

that the control is possible as simple as DC motor. In the last few years conventional controllers using 

proportional integral (PI) and proportional integral derivative (PID) control were broadly used for controlling 

the speed of AC drives due to its simplicity and better performance. But the behavior of these system with 

conventional controllers may not preserve the robustness in the presence of parameter variations and external 

disturbances. Therefore, the concept of robust control gained more interest in the field of control of AC drives. 

The IM is highly coupled, nonlinear and multivariable system and the variation is machine parameters with 

saturation, temperature and skin effect add further nonlinearity to the machine model. The quantitative 

feedback theory (QFT) is a unified theory which emphasize using feedback to meet the desired performance 

specifications even in the presence of uncertainties and disturbances.  

Horowitz [2] introduced the concept of QFT, which clearly highlights how feedback can be used to 

overcome the effect of plant uncertainties and meet the performance specifications. The design of QFT based 
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controller involves typical frequency response analysis involving Bode diagrams, generating templates and 

Nichols charts (NC). The QFT is based on the fact that the feedback is needed principally when the model 

uncertainty or the uncertain disturbances acting on the plant exceed the permissible limit. A study on the 

evolution of QFT is described in the papers written by Horowitz [3], Houpis [4], and Garcia-San [5]. The major 

analysis of QFT can be found in the books written by Houpis et al. [6], Yaniv [7], and Sidi [8]. In Yaniv and 

Boneh [9] proposed a robust method of lifetime value (LTV) feedback synthesis for SISO nonlinear plants [9]. 

In the literature, there are several real time applications of QFT listed [10]–[13]. Garcia-Sanz et al. 

[14] proposed "design of QFT non-diagonal controllers for use in uncertain multiple-input multiple-output 

systems". Qi et al. [15] proposed “robust control based on QFT for permanent magnet synchronous generator 

(PMSG) wind power generation system". Garcia-Sanz et al. [16] developed high-performance switching QFT 

control for large radio telescopes with saturation constraints. Yazan et al. [17] proposed the "development of 

robust QFT controller for quanser bench-top helicopter". Sharma and Pratap [18] developed robust controller 

for twin rotor system using QFT and in [19] a robust engine speed controller is designed based on QFT, by Lu 

et al. [20] QFT can also be applied for course control of marine oil tanker, automated control of photovoltaic 

converter [21], and control synthesis of tracking error problem [22]. 

The objective of the research work is to design the prefilter F(s) and the controller G(s) as shown in 

Figure 1 so that the specified robust design is achieved for the given region of plant parameter uncertainty. P(s) 

represents the plant transfer function, R(s) is the reference input, Y(s) is the output and D represents the external 

disturbance. The control objectives defined are, the rise time of the closed loop response tr≤0.5 sec, settling 

time ts ≤2 sec, gain margin ≥10 dB and phase margin ≥20°. 

The section 2 of this article describes the mathematical model of vector controlled IM. The design 

procedure of the QFT controller is presented in section 3. The simulation results and the discussions are 

included in section 4. 

 

 

 
 

Figure 1. Block diagram of feedback system designed using QFT 

 

 

2. MATHEMATICAL MODEL OF VECTOR CONTROLLED INDUCTION MOTOR 

The dynamic model of the IM is based on conversion of a-b-c axes into direct and quadrature axes. 

By considering all the instantaneous effects due to variation of supply voltage or current, stator frequency and 

load variations the dynamic model is developed. The dynamic model for the vector-controlled IM in d-q 

reference frame is given as (1)-(5) [23], [24]. The state variables identified are ids, iqs, ψdr, and ψqr. 
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In (1)-(5) 𝑖𝑑𝑠 and 𝑖𝑞𝑠 are components of stator current in direct axis and quadrature axis, 𝑉𝑑𝑠, 𝑉𝑞𝑠 are 

d-q components of stator voltage, 𝜓𝑑𝑟 , 𝜓𝑞𝑟 are the rotor fluxes in d and q axis. 𝜎 = 1 −
𝐿𝑚

2

𝐿𝑠𝐿𝑟
 is the leakage 

coefficient of flux. 𝐿𝑠, 𝐿𝑟  & 𝐿𝑚 are stator, rotor and mutual inductances. 𝑅𝑠and 𝑅𝑟  are stator and rotor 

resistances. 𝜔𝑒 and 𝜔𝑟  are the synchronous speed and the rotor speed respectively in rad/sec. 𝜏𝑟 =  
𝐿𝑟

𝑅𝑟
 is the 
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rotor time constant, 𝑇𝑒 , the electromagnetic torque developed in the IM and P, number of poles [25], [26]. In 

the field-oriented control (FOC), to decouple flux and torque, 𝑖𝑞𝑠 should align in the direction of total rotor flux 𝜓𝑟  

with 𝑖𝑑𝑠 perpendicular to it. To satisfy this condition, 𝜓𝑞𝑟=0, then, 𝜓𝑑𝑟= 𝜓𝑟 . Substituting in (6): 

 

𝑇𝑒 = 𝐾𝑇𝑖𝑞𝑠 (6) 

 

where, 𝐾𝑇 =  
3𝑃

4
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𝐿𝑟
𝜓𝑑𝑟

∗  and 𝜓𝑑𝑟
∗  is the command rotor flux. Slip speed (7), 

 

 𝜔𝑠𝑙 =  𝜔𝑒 − 𝜔𝑟 =  
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𝜏𝑟
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in indirect FOC (8) and (9), 

 

 ɷ𝑒 =  ɷ𝑟 +  ɷ𝑠𝑙 (8) 

 

𝜃𝑒 =  ʃɷ𝑒 𝑑𝑡 =  ʃ(ɷ𝑟 +  ɷ𝑠𝑙)𝑑𝑡 =  𝜃𝑟 +  𝜃𝑠𝑙  (9) 

 

 

3. DESIGN OF QFT BASED CONTROLLER 

The design of QFT controller is simple and transparent which accepts various tradeoffs from the 

designer to achieve the closed loop system performance specifications. The QFT design is performed using the 

Nichols chart (NC). The coordinates of the NC are (φ, 20log(r)). The horizontal coordinate, φ, typically ranges 

between -360 to 0, while the vertical coordinate, 20log(r), ranges theoretically from -∞ dB to +∞ dB. A The 

computational steps involved in the QFT design are: i) defining model of the plant by considering parameter 

variations; ii) generation of templates; iii) defining desired performance specifications; iv) generation of robust 

tracking bounds; v) controller design using loop shaping concept; vi) prefilter design in order to achieve 

tracking specifications; and vii) performing simulation studies to validate the designed controller. 

 

3.1.  Plant definition 

As step 1, The plant model is defined, and the parameter variations are taken into account. TL is 

assumed as zero. The plant transfer function P (s)=KT/((Ra+sLa)(Js+B)) ,where Ra=10.733 Ω, La=0.038 H,  

J=0.0088 kg/m2 and B=0.003. 5% variation in the Ra, La, J and B parameters are considered for the design of 

controller. The upper and lower limits of the parameters considered are Ra [9.66, 11.8], La [0.036, 0.0.04],  

J [0.00836, 0.00924] and B [0.00285, 0.00315]. The frequencies chosen are [0.1, 1, 5, 10, 100, 500, 1,000] 

rad/sec. 

 

3.2.  Plant templates 

After defining the plant, the next step in the design of QFT is generation of plant templates. As shown 

in Figure 2, the plant templates are drawn between open loop phase and open loop magnitude of the system for 

the frequencies starting from 0.1 to 1,000 rad/sec. These templates give the boundary of response for the various 

operating frequency range [27], [28]. 

 

 

 
 

Figure 2. Plant templates for different frequencies 
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3.3.  Defining specifications 

The next step in the design of QFT controller is to define the specifications based on the performance 

requirements. In the present design the specifications defined are stability, input disturbance rejection and 

reference tracking. For the stability specification closed loop constant magnitude of M circle in NC is selected 

as, Ws=1.2, in order to achieve the desired control objectives. Then the corresponding gain margin (GM) and 

phase margin (PM) are obtained using the 10) and (11) as: 

 

𝐺𝑎𝑖𝑛 𝑚𝑎𝑟𝑔𝑖𝑛 =  20𝑙𝑜𝑔 (1 +  
1

𝑊𝑠
 ) 𝑖𝑛 𝑑𝐵 (10) 

 

𝑃ℎ𝑎𝑠𝑒 𝑚𝑎𝑟𝑔𝑖𝑛 =  180 –  2𝑐𝑜𝑠 − 1 (
0.5

𝑊𝑠
)  𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒 (11) 

 

based on the performance requirements, upper and lower tracking bounds are fixed based on (12) and (13) as: 

 

𝑇𝑅𝑈(𝑠)  =  
18𝑠+1200

𝑠2 +40𝑠+1200
 (12) 

 

𝑇𝑅𝐿(𝑠)  =  
12000

𝑠3+45𝑠2+1200𝑠+12000
 (13) 

 

 

3.4.  Generating bounds 

Next step in the design of QFT is the generation of bounds, corresponding to the defined 

specifications. The specifications defined in the time and frequency domain decides a minimum damping ratio 

δ for the dominant roots of the closed loop system and it corresponds to a boundary on M circle which is called 

stability bounds. This boudary must not be penetrated by the templates and the loop transfer function L(s) for 

all ω. Bounds are generated for all the frequencies selected and the intersection of all bounds are generated as 

shown in Figure 3. 

 

 

 
 

Figure 3. Intersection of all the bounds generated 

 

 

3.5.  Design of controller (loop shaping) 

The nominal loop, which is the product of the nominal plant transfer function and the controller G(s) 

which is to be designed, must satisfy the worst case of all the bounds. The design of G(s) requires changing the 

gain, add poles and zeros either real or complex, until the nominal loop Lo(s) lies above the solid line bounds 

and below the dashed line bounds at each frequency. The loop Lo(s) in frequency domain along with the bounds 

superimposed on NC is shown in Figure 4. The controller G(s) is obtained (14) as. 

 

𝐺(𝑠)  =  
6.72(𝑠+12)(𝑠+15.36)

𝑠(𝑠+123.9)
 (14) 

 

3.6.  Design of prefilter 

Once the controller G(s) is designed, next task in 2 degree of freedom (DOF) control structure is to 

design the prefilter. The purpose of the prefilter is to place the system response within the lower and upper 

tracking specification. The procedure for the design of prefilter F(s) is same as that of controller G(s). The gain 

is varied, poles and zeros either real or complex are added so that the system time or frequency response lies 
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within the upper and lower tracking specifications as shown in Figure 5. Thus, the parameters of the filter 

transfer function is obtained and is expressed as shown in (15). 

 

𝐹(𝑠)  =
33.657(𝑠+12)

(𝑠+44.88)(𝑠+9)
 (15) 

 

 

 
 

Figure 4. Controller design using loop shaping 

 

 

 
 

Figure 5. Prefilter design 

 

 

3.7.  Design validation 

The analysis of closed loop stability in frequency domain is shown in Figure 6. The dashed line shows 

the stability specification and solid line shows the worst case of the function (Po G)/(1+Po G) at each frequency 

due to the model uncertainty where Po represents the plant transferfunction. As the solid line is below the 

dashed line, the control system meets the stability specifications. The frequency response of the input 

disturbance rejection of the plant is shown in Figure 7. The dashed line represents the input disturbance 

boundary. The solid line represents the worst-case input disturbance. The time domain simulations of the closed 

loop system are shown in Figures 8 and 9. The unit step response of the system which lies between the upper 

and lower boundaries is shown in Figure 8. The step response is under damped in nature with settling time of 

0.18 sec and zero steady state error. The impulse response of the closed loop system is shown in Figure 9. The 

impulse response settles to zero at 0.2 second, which also indicates closed loop stability. 
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Figure 6. Stability margin 
 

 

 
 

Figure 7. Input disturbance margin 
 

 

 
 

Figure 8. Reference tracking boundaries 
 
 

 
 

Figure 9. Impulse response 
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4. RESULTS AND DISCUSSION 

The QFT controller designed is tested with indirect flux-oriented control (IFOC) IM model explained 

in section 3. MATLAB/Simulink software is used for the simulation studies. The reference speed of 120 rad/sec 

is selected for the simulation. Simulation studies are carried out under no load condition, a with load, varying 

the reference speed, and varying the motor parameters. For PID controller the proportional gain constant Kp is 

fixed to 0.1, Integral gain constant Ki is 0.6 and derivative gain cons tant Kd is 0.001. These constants are 

initially fixed using Ziegler-Nichols method and is fine tuned using trial and error method to obtain the desired 

response. 

Figure 10 shows the speed–time characteristics of QFT based controller and PID controller without 

load. The nature of both responses is overdamped. QFT based shows the settling time of 0.15 sec and for PID 

controller it is 0.2 secs. In both responses steady state error is zero. Figure 11 shows the speed-time response 

of IM with QFT controller and PID controller when tested with a sudden load of 6 Nm applied at 0.5 sec. It is 

observed that with QFT controller there is only a negligible drop in speed, around 1 rad/sed at 0.5 sec, the 

motor picks up its reference speed with zero steady state error. But with PID controller there is a sudden drop 

is speed to 100 rad/sec. Then due to controller action motor slowly picks up its reference speed. Figure 12 

shows the frequency response of PID and QFT controllers. Table 1 compares the time and frequency domain 

behaviors of both controllers. It shows that QFT is fast acting controller compared to PID controllers. The 

steady state error with all the controllers is zero. The positive values of GM and PM indicates that, both the 

controllers ensure stable performance. Figure 13 shows the variation of electromagnetic torque with time at 

no-load for QFT based controller. The torque initially increases with speed up to 18 Nm then decreases and 

settles to zero as the speed attains to its steady state value. After settling there is a fluctuation of ±1 Nm. The 

corresponding variations in control signal is shown is Figure 14. The control effort is required initially as the 

speed increases. When the motor picks up the speed, the control signal Iqs decreases drastically and settles to 1 

A. Under noload condition this minor control effort is required to meet the losses of IM. Figure 15 shows the 

speed–time response when tested with step change in command signal at 0.5 sec. The step change in command 

speed is introduced at 0.5 sec from 100 to 120 rad/sec. The motor picks up the new speed and settles at 0.6 sec 

itself. 

 

 

 
 

Figure 10. Speed-time response of QFT and PID controllers when TL=0 

 

 

 
 

Figure 11. Speed-time response of QFT and PID controllers when TL=6 Nm 
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Figure 12. Bode plot of PID and QFT controllers 

 

 

Table 1. Performance comparison between QFT controller and PID controller 
Controller description Rise time 

(secs) 

Settling time  

(secs) 

Steady state error 

 (rad/sec) 

Gain margin 

(dB) 

Phase margin 

(degree) 

QFT controller 0.15 0.15 0 27.4 dB at 211 rad/sec 102° at 5.26 rad/sec 
PID controller 0.2 0.2 0 30.1 dB at 226 rad/sec 89.2° at 12.6 rad/sec 

 

 

 
 

Figure 13. Electromagnetic torque-time response with QFT based controller when TL=0 

 

 

 
 

Figure 14. Control signal, Iqs-time response with QFT based controller when TL=0 
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Figure 15. Speed-time response when a sudden rise in command signal at 0.5 sec from 100 to 120 rpm 

 

 

5. CONCLUSION 

It is necessary to develop robust controllers for the control of industrial drives as the conventional PID 

controllers can not assure system performance in the presence of uncertainties. This research paper describes 

the application of QFT for the robust speed control of IFOC IM. Mathematical model of IFOC IM and the steps 

involved in the design of QFT controller are explained. The controller and the prefilter designed is tested with 

full order model of IFOC IM. The performance of both controllers is studied by suddenly varying the load and 

the reference speed. The time domain analysis and frequency domain analysis of the system validates the 

robustness of QFT controller compared to conventional PID controller. The smooth variation of torque and 

control signal shows the superior behavior of QFT controller.  
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