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speed controller is presented. The controller, which uses a fixed 
proportional gain and integral time constant, can achieve high performance 
if these parameters are properly tuned.  However, tuning becomes difficult 
in cases where the load range and working speed change. The fuzzy logic 
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1. Introduction 

Methods using artificial intelligence (AI) in the speed controllers and observers of electric drives 
have been receiving attention over the past decades [1]–[4]. AI-based design, control, and maintenance 
of electric drives were presented in [2], [3]. The ability to implement machine learning approaches in 
real time for sensorless controls and speed controllers with DSPs was considered [4]. Among the AI 
techniques, fuzzy logic (FL) methods were developed and/or combined with other ones in problems of 
control systems [5]–[21]. 

A type-2 FL replaced the PI mechanism for sensorless full range IM [5]. For a Luenberger observer, 
the FL modified the proportional gain and integral time constant to improve sensorless IM control [6]. 
The FL was employed to adapt coefficients in both the sliding mode observer and sliding mode 
controller [7]. The FL, utilizing a combination of self-tuning and reinforcement learning techniques, 
reduced the number of rules and improved sensorless performance [8]. The FL was added to a nonlinear 
observer for disturbance removal in sensorless permanent magnet synchronous motor drive [9]. 

An online fuzzy controller adapted bandwidth of both controller and observer for improving the 
antidisturbance and control performances in bearingless IM drive [10]. Stochastic functions were 
processed by the FL to guarantee the convergence time and the robustness under variations of load and 
disturbance [11]. Ripples of thrust and flux were minimized by the FL algorithm in the predictive control 
of a linear IM [12]. The FL was employed to approximate the nonlinear functions for IM control [13]. 
To lower overshoot, limits of integral time constant were adjusted according to functions of speed error 
in PMSM drive [14]. To achieve asymptotic stability and reduce disturbance, a fuzzy controller was 
deployed in the case of packet loss for a generator-energy conversion system [15]. To obtain both high 
accuracy and stability, a type-2 fuzzy controller was applied to highly nonlinear magnetic levitation 
systems [16]. Order of nonlinear systems was reduced to one by the FL [17]. Multi-layer neural network 
was combined with the FL to achieve high performance in PMSM electric vehicles [18]. The load torque 
was estimated by the Kalman filter to adjust the parameters of the FL-PI speed controller [19]. To reduce 
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speed error and total harmonic distortion, the FL algorithm set up the PID parameters in electric vehicles 
using 6-phase IM [20]. A cerebellum controller was enhanced by the FL in case of inaccurate sensors 
for brushless DC motor drive system [21]. Through the above analysis, it can be seen that fuzzy logic 
can improve the quality of nonlinear systems. In the next section, the FOC-based IM drive integrated 
with the PI speed controller is presented. Then, the speed controller is adjusted by the FL. Simulations 
and discussions are carried out in the third section. Conclusions are presented in the last section. 

2. Fuzzy Logic-Based Tunning Method for PI Speed Controller 

The speed controller using a fixed PI or FL-adapted PI scheme for the FOC IM drive is presented in 
Figure 1. The motor mathematical model is expressed according to (1)–(5): 
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where, Rs and Rr – stator and rotor resistances; Lm, Ls, and Lr – magnetizing, stator, and rotor inductances; 
us and us, is and is – components of stator voltage, stator current vectors; s and s, r and r 
ones of stator flux, rotor flux vectors; r – rotor speed; np and m – number of pole pairs and motor 
speed (r = m  np); Bm and Jm – rotational damping coefficient and motor inertia; Te and TL – motor 
torque and load torque,  – rotor position. Blocks including Clarke Transform, Park Transform and 
Inverse Park Transform compute: 

, ,

, ,

1 0
cos sin cos sin

; ;1 2
sin cos sin cos

3 3

s ref sd refds ssa

qs ssb s ref sq ref

u uIi ii

Ii ii u u

 

  

   
   

                                                 

 (6) 

The PWM block receives components of reference voltage vector us,ref, us,ref and utilizes the 
sinusoidal pulse width modulation technique with a 20 kHz carrier signal for generating 6 control pulses 
to the inverter. In the case of a FOC IM drive, a proportional-integral (PI) controller is used for the Iq 
Controller and the Id Controller: 
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where, Kp,Iq, Ki,Iq, Ti,Iq and Kp,Id, Ki,Id, Ti,Id – proportional gain, integral gain, integral time constant of the 
Iq Controller and the Id Controller.  

 
Figure 1. Speed controller using fixed PI or FL-adapted PI scheme for FOC IM drive. 

The rotor flux vector angle  and the magnetizing current Im are computed by the IM current model: 
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where, im, im – components of magnetizing current vector in the rotating reference frame  whose -
axis is the rotor axis; Tr = LrRr – rotor time constant. The flux-component current reference is calculated 
by the PI Flux Controller: 
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where, Kp,Im, Ki,Im, Ti,Im – proportional gain, integral gain, integral time constant of the Flux Controller. 
In order to obtain torque-component current reference, the PI Speed Controller is employed as follows: 
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where, Kp, Ki, Ti – proportional gain, integral gain, integral time constant of the Speed Controller. Next, 
the proportional gain and integral time constant are adapted according to the FL. 

 
Figure 2. FL-adapted PI speed controller. 

Figure 2 shows FL-adapted PI speed controller. Its algorithm consists of three main steps: 
fuzzification, fuzzy inference, defuzzification. The first one contains Γ-, Λ-, L- membership functions 
which are described for e,N and e,N respectively by (13)–(15) and (16)–(18): 
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where, the e,N and e,N own linguistic values of P, N, Z; boundaries 0 < Be1, Be2, BΔe1, BΔe2 < 1. Table 
1 presents fuzzy 9-rule base and inference engine for the second step, where three linguistic values large, 
medium, small, of the proportional gain and integral time constant are denoted as L, M, S. Unlike [14], 
[19], the linguistic values of Kp and 1/Ti in Table 1 are chosen as odd functions that pass through the 
origin (eω,N; Δeω,N) = (Z; Z). The centroid method [22], [23] is deployed with triangle membership 
functions (19)–(21) and (22)–(24) to obtain the crisp values of Kp and 1/Ti:  
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Where, PL > PM > PS > 0, TL > TM > TS > 0, 

Table 1. Fuzzy 9-rule base and inference engine. 

Δeω, N 
eω, N 

P Z N 

P L, S M, S S, L 

Z L, M M, M L, M 

N S, L M, S L, S 

3. Simulations and Discussions 

Two PI speed controllers are simulated in the MATLAB environment. Parameters of the motor and 
the FOC are listed in Table 2. The control parameters of the Fixed PI Speed Controller (FPI) are Kp,FPI 

= 0.25 A/rpm, Ti,FPI = 0.02 s. In the case of the FL-adapted PI controller (FLA), the fuzzy membership 
boundaries and parameters are empirically chosen: Be1 = Be2 = 0.001, BΔe1 = BΔe2 = 210-4; PS = 0.1, PL = 
0.4, PM = Kp,FPI = 0.25; TS = 25, TL = 75, TM = 1/Ti,FPI = 50. The selection is explained as follows: when 
eω,N and Δeω,N are zero, these parameters are the same for both controllers. If the distance 
between the two boundaries (PL  PS) is too small, then when the load torque changes, the motor 
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speed will fluctuate greatly. This fluctuation decreases as (PL  PS) increases; however, when 
the deviation increases too high, the system will oscillate The current limit of the speed 
controllers is ±7.92 A. The jump in the utilized load torque LJ is 9 Nm. 

Table 2. Parameters of the motor and the FOC.  

Parameter Quantity Value 

Nominal motor torque Te,n 14 Nm 

Nominal stator current Is,n 5.6 A 

Pole pairs number np 2 

Inertial moment  Jm 0.0047 kgm2 

Rotational damping constant Bm 0.007 Nms 

Stator resistance Rs 3.179  

Rotor resistance Rr 2.119  

Magnetizing inductance Lm 192 mH 

Stator inductance Ls 209 mH 

Rotor inductance Lr 209 mH 

Proportional gain of Iq controller Kp,Iq  5 V/A 

Integral time constant of Iq controller Ti,Iq  0.05 s 

Proportional gain of Id controller Kp,Id  100 V/A 

Integral time constant of Id controller Ti,Id 0.01 s 

Proportional gain of flux controller Kp,Im 100 

Integral time constant of flux controller Ti,Im 0.01 s 

 
Figure 3. Speed responses. 

The diagrams of speeds, torques, currents, reference currents, and magnetizing currents are shown in 
Figures 3–7. Except at starting, there is a lower overshoot/undershoot of approximately 22.7%–32.5% 
of the speed response for FLA compared to FPI (see Table 3). The reason for this is that the fuzzy logic 
brings faster responses of torque or torque-component currents (see Figures 4–6) by updating the 
proportional gain and integral time constant (see Figures 7–8). The response of the magnetization current 
remains smooth (see Figure 9). In order to evaluate the entire speed response, integral performance 
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indices including ITAE, IAE, ITSE, ISE are utilized [24]. The FLA gives a reduction of 18%–38.6% in 
the indices compared to the FPI (see Table 4). To adapt the proportional gain and integral time constant, 
artificial intelligence methods such as neural network [2] can be utilized to replace the FL one. For 
enhancing the control performance, the proposed controller can be combined with reinforcement 
learning [8], adaptive neuro techniques [18], [21], particle swarm optimization [24]. 

 
Figure 4. Torque responses. 

Table 3. Overshoots/Undershoots [rpm]. 

Controller Starting 
After loading  

at 0.2s 

After unloading 

at 0.5s 

After  

Loading at 1.6s 

After unloading 

at 1.8s 
Stopping 

FPI 1.76 22.65 22.94 22.80 22.81 1.60 

FLA 3.72 15.70 17.74 15.89 17.39 1.08 

Table 4. Integral performance indices.  

Controller ITAE [s2.rpm] IAE [s.rpm] ITSE [s3.rpm] ISE [s.rpm2] 

FPI 2.71 2.60 32.34 31.46 

FLA 2.13 2.13 19.86 19.97 

 
Figure 5. Flux-component and torque-component currents. 
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Figure 6. Reference flux-component and torque-component currents. 

 
Figure 7. Proportional gains. 

 
Figure 8. Integral time constants. 
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Figure 9. Magnetizing currents. 

4. Conclusions 

The FOC drive integrating the fixed PI and fuzzy logic-adapted PI speed controllers for the IM was 
presented and simulated. Based on the simulations and evaluations, the FLA yielded performance 
indices that were up to 38% lower than those of the FPI. The FOC drive performance for the FLA is 
supported by the smooth magnetizing current response. The type-2 or type-3 fuzzy logic can be utilized 
to increase the robustness at lower speed commands under load disturbance and machine parameters 
uncertainty. In these cases, load and parameter estimation can be incorporated to increase flexibility, 
transforming traditional fuzzy control into type-2 or type-3 one. Due to changes in the IM's operating 
conditions, such as load disturbances, parameter uncertainty of the stator resistance and rotor time 
constant, and stator current noise, stability and robustness analysis according to Lyapunov’s theorem, 
and sensitivity testing should be developed. Finally, hardware implementation should be deployed for 
verification of the performance of the advanced fuzzy controllers. 
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