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ABSTRACT 
In this paper, the driver with antiwindup and fuzzy high-

performance and robust PI controller has been suggested for 

Permanent Magnet Synchronous Motor (PMSM). This 

controller is suggested for the design of the robust driver for 

three phase PMSM and the cost reduction of its control 

system. It’s useful for the industrial application and 

automation and ultimately speed control and the improvement 

of the dynamic behavior of the PMSM. Antiwindup control 

strategy prevents the increase of the output beyond its 

saturation point. So, it avoids the saturation. In effect, the 

suggestion of this new speed control scheme is in line with a 

goal to realize a better antiwindup scheme. The simulation 

results are shown for PMSM for two cases of antiwindup 

control strategy and fuzzy control strategy and with different 

operation modes. For this purpose, different three phase 

PMSM output waveforms are presented. These waveforms 

are presented for fuzzy control strategy in constant torque, 

constant speed and different reference speeds with focus on 

speed curve, electromagnetic torque and phase currents. 
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1. INTRODUCTION 
Recently Vector-controlled Speed Adjustable drivers are 

adopted by the industry to meet the industrial requirements 

like quality and efficiency, higher speed control and fast 

response time. Conventional PI controllers simply can be 

used for the drive purposes, but all industrial processes are 

exposed to the certain limitations. For example, the analogue 

controllers can function in the limited range of the voltage 

and current and motor-driven actuator has a limited torque 

rate and speed. When they reach the limitation, if the 

controller is designed to work in the linear region, closed 

looped performance would deteriorate significantly compared 

to what expected. This deterioration process which is called 

integrator windup can significantly deteriorate the overshoot 

and the settling time. In practice integrator windup happens 

when the system has a large setpoint changes or big 

disturbances [1].  

In recent decades, many control techniques have been 

proposed to develop different control schemes for the speed 

and torque in PMSM drivers. These schemes often can be 

categorized into vector control, Field oriented control, direct 

flux control and position sensorless control. Some of the 

research and papers about these control schemes for PMSM 

drivers are briefly introduced in [2-3]. 

In [4-5] a method is introduced for the estimation and 

speed control of PMSM with using sliding mode observer. In 

these papers, Lyapunov functions are chosen for determining 

the adaptive law for the speed and the stator resistance 

estimator. It seems that the conditions for converge cannot be 

simply guaranteed in the sliding mode. On the other hand, the 

integration of the rotor angular velocity can introduce too 

much error in the estimated angle of the rotor position. In 

general, the presence of the integrator in the controller can 

improve the steady state error, but it will slow down the 

system performance and makes the controller slow.  A model-

free predictive current control (PCC) is presented in [6] for 

improvement of the PMSM drive system in wide range of 

speed. Even though combining the feedforward current 

controlling compensator and flux-weakening algorithms can 

increase the capacity of IPM motor torque in the higher 

speeds, the overall effectiveness of these techniques depends 

on the accuracy of the motor parameters in the control 

function. 

Torque ripple reduction for PMSMs by predictive direct 

torque control is presented in [7]. Direct torque control (DTC) 

for PMSMs got more attention compared to the conventional 

control methods because they don’t have current controllers 

and fast dynamic response. But even with DTC techniques, 

big torque and stator flux ripples still remain in the system 

which create harmonics in the voltage and current of the 
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stators in PMSMs. Maximum torque per ampere of stator 

current, above base speed,  is analyzed in [8] with optimum 

alignment of the stator and magnet fields. With adjustment of 

the current angle, Operation at higher speeds with reduced 

torque can be achieved. This adjustment is for reducing the 

effective magnet flux (the equivalent of field weakening). 

Adaptive control of the surface mounted PMSM over its 

entire speed range is presented in [9]. The suggested adaptive 

flux weakening scheme can determine the right amount of d-

axis current without the prior knowledge of load torque or 

inverter parameters.  

A novel antiwindup strategy for PI speed controller is 

introduced in [10] to limit the unwanted side effect of the 

integrator windup at the time of large set-point changes. 

These unwanted side effects can also occur when the speed 

control mode is changed from P to PI control. This strategy 

assigns an appropriate initial value for the integrator. This 

value then can restrict the overshoot. One of the advantages 

of this proposed method is its independence of the operating 

condition. It guarantees the designed performance 

independent of the different set-point change and load 

torques. This strategy can be used easily in existing PI 

controllers. 

In this paper, the performance of a linear controller based 

on antiwindup and nonlinear fuzzy drive system on PMSM is 

studied. The system modeling is presented in section two. 

The structure and the performance of the proposed scheme is 

presented in section three. The relations required for the 

design of the antiwindup controller is formulated in section 

four. The simulation results are presented in section five and 

finally the conclusion is drawn in section six.  

 

2. PAPER SUBMISSION 
In conditional integration, as shown in figure (1), the 

integration is switched on and off depending on certain 

conditions. With using conditional integration, it should be 

guaranteed that there is a zero steady state error. In addition 

to that, the integral term is only increased when certain 

conditions are satisfied, otherwise it is kept constant. Usually, 

when the controller is saturated, i≠i*, the integration is 

stopped. 

 

 
Figure 1. The block diagram schematic of the conditional 

integration 

 

The proposed antiwindup scheme for current and speed 

control of PMSMs is based on the well-known conditional 

integral method. This integration can change under certain 

conditions between P and PI controller. However, the main 

difference is the way the initial value for the integration is set 

in PI controller. The ON-state and OFF-state switch, under 

certain conditions, can switch the controller to PI mode or P 

mode, respectively. The initial value (ii_0) is loaded into the 

integrator in the P mode and PI controller when working in 

the PI mode uses this loaded value. The output value of the 

integrator is determined by ii_ss to compensate for viscous 

damping and load torque. It should be at steady state 

condition without a speed error. Meanwhile, ii_0 is a pre-

calculated integrator initial value. This value is passed 

through a low-pass filter (LPF) to prevent abrupt change in 

the current. The time constant of the filter should be fast 

enough to stabilize the changed value before the operation of 

the PI controller.  

 

3. STRUCTURE AND PERFORMANCE 

OF THE PROPOSED SCHEME 
The mechanical system is modeled as (1) where the KT is 

motor torque constant and i(t) is a stator current.  
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PI controller model can be written as (2) where Kp is a 

proportional gain and Ki is an integral gain. 
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With plugging (2) into (1), the closed loop transfer 

function for speed can be derived by Laplace transformation 

as follows: 
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In the presented drive system, the load torque is assumed 

to be time-invariant and constant. it is TL(s)=τL/s in Laplace 

and ω(s) is a Laplace transform ofω(t). When the controller 

enters the PI mode at t=tb, the initial states value for speed 

and integrator term are shown byω(t)=ωm_o و  ii(tb)=im_o. in 

addition, (3) can be rewritten with considering the motor 

speed, the reference speed and the initial values assigned for 

the speed and the integrator terms as (4). 
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In the steady state, t=ta before a new set-point change, the 

speed response can be denoted by ωm(ta)=ωm_ss  and the 

current can be denoted by ii(ta)=ωi_ss . ii_sswith constant load 

torque can be found as follows:  
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At t=tb, the P mode is changed to the PI mode. The initial 

integral value ii_0 can be defined by: 
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It is worth to mention that the first right term in (6) shows 

the required current to operate at ωm_o ,while the second right 

term can be assigned based on the initial value of the speed 

error required to reach the reference speed ωm
* . A gain K can 

be designed to satisfy the antiwindup performance. The 

selection criteria will be discussed later. Plugging (6) into (4) 

gives:  
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The transfer function for the speed of PMSM finally can be 

rewritten during the PI mode with the initial state speed ωm_o 
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If antiwindup gain K=0 and initial conditions are zero, the 

transfer function would equal to the original function, such 

as:  
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4. ANTIWINDUP CONTROLLER 

DESIGN 
As explained in the final transfer function (8), the 

antiwindup gain K can improve the speed response 

characteristics in the PI mode. With assuming two poles, p1 

and p2 and one zero, z1, the system transfer function would 

be:  
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Based on the introduced relations so far, the pole 

locations are determined by PI controller gains. However, the 

zero location is affected by the antiwindup gain and given PI 

gains. For example, if the zero be equal to the smaller pole, 

z1=p1 such as |p1|<|p2|, then the antiwindup gain will become 

like K=Kp+Ki/p1. With this gain, (10) can be simplified as: 
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So, (11) is an equation of a first-order low pass filter 

without an overshoot. If the windup gain is smaller than the 

specified one, then a higher overshoot will be reached. 

Meanwhile, a larger K results in a slower response. The 

relationship at the boundary condition of the P to the PI mode 

transition can be used to calculate the initial current and speed 

condition. The controlled current output, if assumed to be 

same as the limited current, gives: 
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                 (12) 

The maximum limited current is shown with +Imax, while 

the minimum limited current is shown with–Imax . Using (6) 

and (12), the initial current of the integrator is calculated: 
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Moreover, the load torque can be expressed as τL=KTii_ss-

Bωm_s based on the condition that the system is controlled at 

speed ωm_ss and the current ii_ss. equation (13) can be rewritten 

as (14) with the known values. 
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During the saturation mode (P mode), the initial current 

of the integrator is passed through a low pass filter with 

transfer function of  PF=ωc/(s+ωc) at a fast range to reach a 

steady state before initiating PI control mode. The initial 

speed is given by the following relation: 
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In practice, the motor has a relatively low viscous 

damping coefficient, i.e, (B≈0) or viscous damping is only a 

very small percentage of the total load torque, i.e. Bωm<<τL . 

so, the initial values of current and speed can be presented 

with simpler equations of (16) and (17). 

 

0,
)/(

0,
)/(

max_max

_

max_max

_























i
KK

KIiK

KK

KIKK
i

i
KK

KIiK

KK

KIKK
i

p

ssip

p

TLp

oi

p

ssip

p

TLp

oi

             
(16) 

0,
)(

0,
)(

max_*max*
_

max_*max*
_























i
KK

Ii

KKK

IK

i
KK

Ii

KKK

IK

p

ssi

m

pT

TL
mom

p

ssi

m

pT

TL
mom

             
(17) 

 

The simulated block diagram schematic for the proposed 

PMSM antiwindup drive system with the initial values for 

current and speed according to (16) and (17) is shown in 

figure (2). According to this figure and as explained earlier, 

during the controller windup which is determined by motor 

current, the controller switches between PI control mode to P 

control mode with one switch. The proposed antiwindup 

strategy can be applied to the PI controllers. For the 

realization of this control scheme, at first the non-zero initial 
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values for motor current and speed should be calculated with 

using a transfer function. Then one low pass filter for the 

reduction or remove of the overshoot in the drive system 

speed response should be designed. This filter can be 

designed using a transfer function taking derivative from the 

system poles and zeros. 

 

 

 
Figure 2. The drive system block diagram with antiwindup controller 

 

 

 
Figure 3. Block diagram of the antiwindup controller 

 

 

5. SIMULATION RESULTS 
The structure and the relations of PMSM drive system 

and also the proposed control system are fully explained and 

analyzed in the previous sections. In this section, first the 

block diagram schematics of PMSM drive system simulated 

by the electrical and dynamic equations, is presented. Then, 

the simulation studies of the drive system are performed 

within Matlab/Simulink environment and the results, 

waveforms and the graphs are presented. 

 

5.1 The simulated model of the PMSM 

drive system 
For finding the characteristics of the PMSM motor and its 

drive system, at first, the motor should be modeled. PMSM 

modeling comprises two parts: electrical and mechanical. The 

first part calculates the currents and the electromagnetic 

torque of the motor. For calculating the currents, the counter 

electromotive forces should be calculated. As expressed, 

these forces have three phase sinusoidal waveforms with 120 

degree phase difference. The overall block diagram schematic 

for PMSM drive system is shown in figure (2). PMSM motor 

characteristics used for the simulation is listed in table (1). 

 

 

Table 1. Parameters of the PMSM motor and its drive 

system 

Parameter Value 

Phase inductance (mH) 8.5 

Inertia (kg.m2) 0.0000321 

Nominal speed (rad/sec) 2000 

Phase resistance (Ω) 2.875 

Polepairs 4 

Torque constant factor (V/rad/sec) 0.3252 
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In this section, the simulation results of the drive system 

with the fuzzy speed control are presented. Figure (3) shows 

the waveforms of speed, phase currents and three phase 

PMSM electromagnetic torque with using fuzzy control 

strategy. As shown in this figure, phase currents are 

sinusoidal and have fluctuations and ripples. Phase current 

ripples are because of the commutation region of the drive 

system inverter switches. These inverter switches have 

unequal ON and OFF time intervals during one cycle. These 

ripples in phase currents cause the fluctuations in the motor 

torque. But the ripples in the current and torque in this case 

are smaller than the case with the control system without 

antiwindup strategy.  

As shown in figure (3), the motor speed reference is 500 

rad/s till 0.5 sec and then it will increase to 1500 rad/s. the 

load torque is constant and equal to 20 N.m. according to 

figure (3-a) , the motor speed follows the speed reference but 

in this case the rising time of the motor speed is so much 

better than the control system without antiwindup strategy. In 

this case, the rising time is equal to 0.1 sec. however the 

overshoot is zero with fuzzy control system and the speed 

response have zero steady state error. According to (3-b), 

when the speed reference at time 0.5 sec changed, the motor 

output torque is increased significantly and then settle back to 

its reference position. The jump magnitude in this case is 

about two times of the jump magnitude in the control system 

without antiwindup strategy.  

 

 
a. Seed curve 

 

 
b. Electromagnetictorque 

 

 
c. Phase currents 

Figure 3. The PMSM three phase output waveforms with fuzzy control strategy with the constant load torque 
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a) Speed curve 

 

 
b) Electromagnetic torque 

 

 
c) phase currents 

Figure 4. Three phase PMSM output waveforms with the fuzzy control strategy for the constant speed 

 

 

In figure (4), PMSM works with the constant speed and 

varying load torque. Load torque is equal to 5 N.m till 0.2 sec 

but it will increase to 30 N.m afterwards. According to (6-4-

b), the torque ripple and fluctuations till 0.2 sec (in smaller 

loads) are almost equal to the ripple and fluctuations in higher 

value of loads (30 N.m). it shows the robustness of the fuzzy 

control strategy to antiwindup controller. After 0.2 sec, the 

load is increased and the motor response to different speed 

references and the output signal of the fuzzy control during 

the speed changes are shown in figure (5). 

As shown in the figure, the motor output signal is 

increased as soon as the increase in the speed references and 

following motor speed response. Since the fuzzy controller is 

a nonlinear and intelligent controller, it responds quickly to 

the changes and dampen the increase in the controller output 

signal. According to (5-b), fuzzy controller output signal 

during the changes in the speed at 0.4 sec in the normal mode 

of the drive system and the constant speed is 50. During the 

speed error, this value increases to 200 (4 times). However 

this value is still low compared to the windup in the 

antiwindup controller and it won’t make this system 

saturated.  
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a) Speed curve 

 

 
b) Controller output signal (torque component) 

Figure 5. Three phase PMSM output waveforms with the fuzzy control strategy for the varying speed 

 

 

5.2 Comparison of the performance of the 

fuzzy and antiwindup controller 
According to the figure (6) the motor speed input is 

variable. Zero, half of the nominal value and the nominal 

value (2000 rad/s) are selected for its value. 

  

 

 
a) Speed curve 
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b) Controller output signal 

Figure 6. Comparison of the performance of the fuzzy and antiwindup controller 

 

 

6. CONCLUSION 
In this paper, the drive system with antiwindup and fuzzy 

high-performance and robust PI controller has been suggested 

for Permanent Magnet Synchronous Motor (PMSM). The 

antiwindup strategy restricts the controller output value not to 

let it overreach to the saturation region. As shown with the 

simulation results, during the increase in the speed reference 

or motor load, the antiwindup controller shift to P mode 

operation and prevent the windup. On the other hand, another 

controller based on the fuzzy logic is introduced for PMSM 

which is a nonlinear and intelligent controller. Fuzzy control 

while increasing the overshoot time, has zero overshoot. It 

has a lower torque ripple than the antiwindup strategy. 

Compared to the antiwindup controller, it has a slower speed 

response and is sluggish. However, the motor drive system 

response to the speed changes or load changes are better in 

the fuzzy control strategy than the antiwindup. Compared to 

the traditional choice of the controller for PMSM, the 

proposed drive system are cheaper and the costs associated 

with the complicated hardwares for controller realization are 

removed. This drive system improve the performance of the 

driver torque. However, the fuzzy controller as motor speed 

controller is used for improvement of the dynamic response 

and the decrease of the motor steady state error. The 

simulation results of the proposed drive system for the 

verification of the better performance of motor and its drive 

system is run in MATLAB software for different operation 

modes.  
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