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Abstract 

 The electronic computation of PMSM 

generates torque ripples and undesirable harmonics 

which negatively impacts the smooth speed operation 

and efficiency of PMSM. This paper proposes a 

combined Feedback Linearization based Direct 

Torque Control methodology for Impedance Source 

Inverter (ZSI) to mitigate torque ripples and 

undesirable harmonics of PMSM. The proposed 

controller mitigates torque ripples and undesirable 

harmonics by changing the desired switching pattern 

by generating reference voltages for three-phase ZSI 

in stationary reference frame using torque and flux as 

input. The advantage of combining proposed control 

scheme and ZSI is that it boosts the inversion 

operation and reduces the requirement of the DC-DC 

converter in boosting. Therefore, the conversion 

efficiency can be increased by 4-8 %. The 

performance of the proposed control scheme is 

studied by subjecting PMSM to full load torque and 

under load disturbances. The obtained results show 

the ability and effectiveness of the proposed control 

scheme in comparison with the conventional DTC 

method.  

Keywords: Permanent magnet synchronous motor, 

Feedback linearization, Direct torque control, 

Impedance source inverter, Space vector pulse width 

modulation. 

1. Introduction 

 In this fast-paced world, Permanent Magnet 

Synchronous Motors (PMSM) are well known for its 

high power, robustness, simple structure and 

effective operation, and has been commonly used in 

industrial automation applications. The PMSM drive 

is electronically commutated and operated through 

power electronic converter [1]. In olden days, 

electronic commutation of PMSM was performed 

using volt/frequency control and field oriented 

control [2-4]. However, when PMSM drives are 

excited through power electronic Voltage Source 

Inverter (VSI) or Current Source Inverter (CSI) and 

field oriented control; it produces torque ripples and 

undesirable harmonics [5-7]. This possibly creates a 

negative impact on the speed control of PMSM and 

affects the overall efficiency of the PMSM drive [8]. 

Recently, several approaches are adopted for 

the reduction in torque ripple and mitigation of 

undesirable harmonics. Torque ripples can be 

mitigated either by hardware adaptation or by 

modifying the control strategy of a PMSM converter 

controller.  In [9, 10], VSI is made up of power 

electronic switches and their control strategies are 

obtained by means of PWM, SPWM, and SVPWM 

etc. Therefore, by modifying the control strategy of 

PMSM, the torque ripple and undesirable harmonics 

can be mitigated. In [11], various types of rectifier 

schemes for a grid utility interface of variable 

frequency drives have been proposed. However, it 

has some disadvantages like; high ripples in torque as 

well as flux and variable switching frequency. In 

[12], the harmonic distortion level for converter fed 

motor drive is decreased by the higher order rectifier.  

This method can quickly and effectively limit the 

load angle within the stable range but produces an 

unsatisfactory performance when load angle changes. 

Traditional Impedance Source Inverter (ZSI) based 

strategy has been proposed [13, 14]. ZSI has a DC 

source on its two sides and switching control of ZSI 

is carried out by the PI control strategy. The 

limitations of traditional VSI and Current CSI are 

overcome by ZSI. The control strategy is effective, 

but the generated input power for PMSM operation is 

insufficient and therefore makes the inductor current 

to ripple [15]. 

In order to overcome these issues, the 

modified control strategy for converter control has 

been proposed in [16-20]. Torque ripple 

minimization of PMSM using a digital observer 

controller has been proposed [16]. The Digital 

observer controller uses measured speed to generate 

id and iq as a reference signal. It has been noted that 

the torque ripple factor is reduced to 50% only for 

full load disturbance by using digital observer 

controller strategy. Input-output feedback 

linearization based control strategy has been 

proposed [17] to minimize the torque ripple in 

PMSM.  This method doesn’t show effective 
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minimization as it eliminates only particular order of 

harmonics. Direct Torque Control (DTC) strategy has 

been proposed in [18-20] for mitigation of torque 

ripple and undesirable harmonics. DTC strategy uses 

motor flux and torque as control variables. Usually, 

DTC strategy is adopted with six-switch 3ϕ VSI or 

CSI power electronic inverter. But, due to the 

susceptibility of such power electronic inverter, fault 

commonly occurs and affects the performance of the 

PMSM drive. 

In order to overcome the above-mentioned 

problems, this paper proposes an adaptive combined 

Feedback Linearization based Direct Torque Control 

(FBL-DTC) methodology for an impedance source 

inverter to mitigate the torque ripples and undesirable 

harmonics of the PMSM drive. The torque ripple in a 

PMSM drive is caused by d-axis, q-axis currents and 

flux linkage of the permanent magnet. As the 

developed torque Tm is directly proportional to the 

phase current, the q-axis current can be reduced by 

regulating the switching frequency of the ZSI, the 

PMSM drive is set to operate at a constant current. 

The proposed controller generates a reference voltage 

for ZSI in stationary reference frame using calculated 

torque and flux variables and maintains constant 

current which in turn operates the PMSM at rated 

torque. The proposed control strategy not only 

mitigates torque ripples and undesirable harmonics 

but also boosts the inversion operation. Therefore the 

requirement of the DC-DC converter for boosting is 

eliminated and the conversion efficiency is increased 

by 4-8%. The dynamic performance of the proposed 

control scheme is validated using 

MATLAB/Simulink software and verified using 

hardware prototype. 

2. Study system description 

 The system considered for the study is 

shown in Figure 1. The study system consists of a 

PMSM connected to a DC source through ZSI. The 

parameters of PMSM taken for the study are given in 

the appendix. ZSI switching pulses are generated by 

the proposed adaptive FBL-DTC strategy and the 

system has been subjected to load variation by 

shedding the load after 0.05 s  in-order to evaluate the 

performance of the proposed control strategy. 

Furthermore, the system consists of speed sensor to 

measure the motor speed during analysis. The 

measured speed is possessed by the proposed 

adoptive FBL-DTC and SVPWM to generate control 

signals to the ZSI. 

3. Dynamic modeling of the PMSM 

 To evaluate the performance of the proposed 

control strategies, PMSM is modeled in detail using 

stator circuit electrical equations in d–q coordinates 

and is given as [21], 

qds
d

d iR
dt

d
v 




            (1) 

dqs

q

q iR
dt

d
v 




            (2) 

 

Figure 1. Block diagram of the torque ripple minimization using FBL-DTC strategy 

Where, Rs is the stator resistance, vd and id are 

the d-axis voltage and current, φd is the d-axis flux 

linkage, vd and iq are the q-axis voltage and current 

respectively, φq is the q-axis flux linkage, 

respectively [22]. Further, the flux linkage of d-q axis 

is expressed in d-q coordinates as follows, 
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mddd iL  

            (3) 

qqq iL
            (4) 

 
Where Ld is the d-axis inductance, φm is the 

permanent magnet flux linkage, Lq is the q-axis 

inductance. There is no permanent magnet flux 

linkage in q-axis, as the magnetic axis is aligned 

along with only d-axis. Consequently, as d-q 

coordinates of the motor move along with the rotor, 

the inductance of the stator is independent of time in 

this system [23]. The mechanical movement of the 

PMSM is represented by mechanical equation and is 

given as, 




BT
dt

Jd
T Le 

           (5) 

 Where, Te is the electromagnetic torque of 

the motor, TL is the load torque, J represents the 

moment of inertia, ω is the rotor speed and B is the 

friction co-efficient, respectively. From equation (5), 

the rotor speed increases until there is a positive 

difference between the motor torque and the load 

torque. Further, the acceleration of the motor depends 

on the moment of inertia and friction co-efficient. 

The torque equation is expressed with d-q 

magnitudes, and is given as, 

)(5.1 dqqde iiPT  
           (6) 

 Where P represents the number of pole pairs 

in rotor. The motor torque equation is obtained with 

respect to the magnetic flux linkage and d-q axis 

current is given as, 

))((5.1 qddqqme iiLLiPT  
          (7) 

 When Ld is equal to Lq, the motor torque 

only depends upon the iq and the equation is give as, 

qme iPT 5.1
            (8) 

 Further, the cogging torque of PMSM is 

given as, 




d

dR
PT gcog

25.0

           (9) 

Where, R is the air-gap reluctance, φg 

represents air-gap flux linkage and θ represents the 

angle position of the rotor (Jing et al., 2004). 

The PMSM in d-q coordinate form is re-

written in the state space model with respect to rotor 

reference frame and is given as, 
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 Where, H is the field intensity of the motor 

drive, ωs and ωr are the stator and rotor speed, 

respectively. The state space equation of the model is 

given by placing the state variable as X, control input 

as Y and output as Z, 

T
rqd iiX )( 

          (11)
 

T
qd vvY )(

          (12)
 

T
qd iiZ )(

          (13)
 

The equation’s (11), (12) and (13) is 

rewritten as, 

)(
*

xfBYAXX 
          (14)

 

and the output equation is given as, 

CXZ              (15)
 

Where, f(x) represents the function of 

system formed by the nonlinearity and the 

uncertainties of the system, which has to be persistent 

in x to subsist [21, 22]. 

4. Dynamic modeling of the Impedance Source 

Inverter 

The schematic diagram of a 3-ϕ ZSI is 

shown in Figure 2. The ZSI network consists of two 

indistinguishable inductances and two 

indistinguishable capacitances connected in a precise 

manner to attain preferred study system as shown in 

Figure 1. In this study, Shoot through boost control 

strategies of ZSI is considered [24]. An additional 

switch is employed in anti-parallel to the input diodes 

for eliminating the discontinuous inductor current 

originating during undesirable operating modes. 

 Therefore, from the Figure 2, we have IL1=IL2 and 

VC1=VC2. Further, the peak inverter output voltage 


iV of the Z network is given as, 
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         (16) 

Where D0 is the shoot-through time duty 

ratio, bf is the booting factor and Vdc is the dc input 

voltage [25, 26]. The state space equation of z 

network for shoot-through mode can be written as, 















































































2

1

2

1

2

1

2

1

0001

0010

10)(0

010)(

C

C

L

L

Lc

Lc

C

C

L

L

V

V

I

I

rr

rr

dt

dV
C

dt

dV
C

dt

dI
L

dt

dI
L

   

(17)
 

Where, rC represents the load capacitive 

reactance and rL represents the load inductive 

reactance, respectively. The Z source network 

capacitor voltage Vc1 and Vc2  is determined by 

0
0

0
21

21

1
V

D

D
VVV ccc




          

(18)
 

From the above equation (18) it is clear that 

the Vc is less than V0, which implies that a high Z 

source capacitor voltage stress. Hence, the Z source 

network inductor current equals the average input 

current [27]. Furthermore, the Z source capacitive 

current decreases with the increase in inductor 

current. The Z source ripple current has been 

expressed as, 
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(19) 

5. Proposed Feedback Linearization based Direct 

Torque Control strategy 

In this section, a novel FBL based DTC 

approach is evolved for the purpose of controlling 

ZSI fed PMSM drive.  The FBL technique is well 

known for its most effective control over the 

nonlinear dynamic systems. FBL allows the 

developer to utilize a linear control approach by 

algebraically converting the nonlinear system into a 

partially or fully modeled linear system. The 

proposed FBL technique differs completely from the 

conventional linearization technique. Here, the FBL 

control is attained by utilizing the feedback terms 

rather than the linear approximation terms. In the 

study system, the FBL-DTC strategy generates the 

reference space vector for a PMSM drive. The FBL-

DTC strategy uses Te and φ as the state variables to 

control the system input vd and vq.  

The FBL-DTC strategy estimates the flux 

and torque variables using the measured voltage and 

current of the PMSM. The estimated flux and torque 

variables are used to generate voltage vectors for 

triggering the ZSI. By adding up a feedback 

linearization loop along with the conventional DTC, 

it has an added advantage of increased smooth speed 

control over the drive.  The block diagram of the 

proposed approach is shown in Figure 3.  In the 

proposed FBL-DTC strategy, ZSI output voltage vabc, 

line current iabc and DC input voltage vdc are 

measured with respect to the 3-ϕ bridge rectifier 

using voltage and current sensors. The measured vabc, 
iabc and vdc are transformed to d-axis and q-axis 

component using Clark’s transformation [27].  

 

Figure 2. Impedance source inverter circuit diagram 
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Figure 3. Adaptive FBL-DTC strategy control circuit 

 

The estimated d-axis and q-axis component 

of stator input voltage and current, is used for 

calculating stator flux φd and φq and the equation is 

given as, 

   dtRiv sddd
          (20)

 

   dtRiv sqqq
          (21)

 

 Where Rs is the stator resistance. After 

calculating φd and φq the overall all stator flux φs is 

estimated using a flux amplitude calculator [28, 29]. 

Furthermore, the estimated φd and φq is fed into 

torque calculator and torque is calculated as, 

 dqqd ii
p

T  
4

3

          
(22) 

Where ω is the speed of the PMSM 

measured using speed sensors. After estimating the 

values of φs, T and ω they are set to compare with 

their reference values ω*, φs* and T*; respectively. 

The proposed approach consists of two PI controllers 

for controlling the torque and speed. Initially, the 

speed error is processed by one of the PI controllers 

to generate T* and the torque error is processed by 

the other PI controllers to generate reference angle 

dθ. The role of DTC is to generate voltage command 

vd* and vq* using the following variables φs*, φs, dθ 

and θ. The PI controller plays a vital role in the 

proposed control strategy. The PI controllers gain 

values are tuned by means of Ziegler–Nichols 

method. The KP and KI value obtained for the speed 

loop PI controller is 10 and 0.4 respectively and for 

the torque control loop, the PI controller is 18.3 and 3 

respectively. The generated voltage command vd* 

and vq* and measured stator input voltage vd and vq is 

processed through the feedback linearization control 

loop. The role of FBL loop is to generate an accurate 

reference voltage command to the SVPWM. The 

FBL control block checks the response to the given 

initial condition.  

dqdq vvdq eKev  *
'

          (23)
 

If the response is not acceptable, the FBL 

control adjusts the reference value until the closer 

value is obtained.  

dqdq vvdq eKev  *
''

2
          (24)

 

The generated voltage reference is fed to the 

SVPWM. The working and generation of switching 

pattern using SVPWM are referred to [10]. The FBL-

DTC strategy suppresses the generated torque by 

regulating the motor torque in opposite to the 

produced torque ripple by electronic commutation. 

The proposed approach boosts up the inversion 

operation by reducing the complexity in generating 

command signals. Therefore, the requirement of the 
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DC-DC converter for boosting is eliminated and 

conversion efficiency is increased by 4-8%. 

6. Results and Discussion 

6.1. Simulation results 

To evaluate the performance of the proposed 

FBL-DTC methodology, a profound simulation study 

has been carried out using the study system described 

in section 2. In this study, the system is subjected to 

full load test and load shedding disturbances. This 

study mainly focuses on torque ripple minimization 

and undistorted harmonic elimination. Therefore, 

results related to those alone have been 

comparatively discussed between conventional DTC 

and proposed FBL-DTC scheme. 

Initially, the PMSM is started at full load of 

22 N-m and operated by means of the conventional 

DTC strategy. The load is set to shed by 10 N-m after 

0.25 s and the speed of the motor starts to vibrate as 

shown in Figure 4(a). The corresponding torque 

waveform has been shown in Figure 4(b). It is 

observed that the ripples appear in the torque and the 

torque ripple factor is 83%. The corresponding stator 

current id and iq are shown in Figure 5(a). It can be 

noted that the stator current decreases along with the 

shedding of the load at 0.25 s and high noise are 

present due to ZSI-pulse width modulation. Figure 5 

(b) and (c) shows the measured stator and rotor flux 

of PMSM using conventional DTC. It is observed 

that the sudden shedding of load leads the stator and 

rotor flux to saturate. It takes nearly 0.35 s to settle 

and regain its normal operation. Figure 6(a) shows 

the flux vector phasor representation and rotor flux 

angle obtained using conventional DTC strategy. It is 

noted that due to uncertainty, the rotor angle falls 

below the reference value. Figure 7(a) shows the 

uncertain harmonic of the PMSM stator current. It is 

observed that the stator current has a harmonic of 

3.47%.  

 

Figure 4. Performance evaluation of PMSM ; (a) Speed in rad/s using conventional DTC, (b) Torque in N-m using conventional DTC, (c) Speed 

in rad/s using FBL-DTC, (d) Torque in N-m using conventional FBL-DTC. 
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Figure 5. PMSM analysis of; (a) Stator current idq using conventional DTC, (b) Stator flux using conventional DTC, (c) Rotor flux using 

conventional DTC, (d) Stator current idq using FBL-DTC, (b) Stator flux using FBL-DTC, (c) Rotor flux using FBL-DTC 

 

Figure 6. Flux space vector and Rotor flux angle; (a) Using conventional DTC, (b) using FBL-DTC 
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torque ripples are minimized. Figure 4(d) shows the 
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observed that stator current decreases due to the 

variation of load and stabilizes faster by 0.2 s when 

compared to the conventional DTC strategy. Further, 

the noise level of stator current is also reduced when 

compared with the conventional control strategy. 

Figure 5(e) and 5(f) shows the calculated 

stator and rotor flux of PMSM using proposed FBL-

DTC. From the figure, it is observed that the stator 

and rotor flux stabilizes faster when compared with 

the conventional DTC strategy. Figure 6 (b) shows 

the flux vector phasor representation and the rotor 

flux angle obtained using proposed FBL-DTC 

strategy. It is noted that the uncertainty is overcome 

by the proposed FBL-DTC and PMSM produces the 

angle equal to the reference value. Figure 7 (b) shows 

the uncertain harmonic of the PMSM stator current. It 

is observed, the stator current has a harmonic of 1.21 

%, which is comparatively lesser than the 

conventional control strategy. It can be observed 

from the simulation result that proposed FBL - DTC 

strategy based PMSM drive significantly works 

effectively with reduced torque and undesirable 

harmonics. To validate these simulation results, 

hardware implementation has been carried out which 

is being discussed in successive section. 

6.2. Experimental validation 

To validate the proposed FBL-DTC strategy, 

an experimental is carried out using the experimental 

setup as shown in Figure 8. The parameters of 

experimental setup are listed in the appendix. The 

experimental setup consists of PMSM coupled to a 

DC generator, where the DC-generator is loaded by 

different resistive load and is driven by a SVPWM 3- 

ϕ impedance source inverter. The 3- ϕ impedance 

source inverter is made of IGBT and cross impedance 

sources and is powered by a DC supply of 220 V.  

The input and output commands are passed from 

system to experimental setup through an dSPACE 

DS1104 kit. 

 

Figure 7. Harmonic analysis PMSM line current; (a) after using conventional DTC, (b) after using FBL-DTC 

 

 

Figure 8. Experimental setup
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The setup also consists of torque meter and 

speed encoder, for continuous monitoring of the 

torque and speed of the PMSM. The result obtained 

from the experimental study has been presented in 

Figures (9-15). Figure (9) shows the speed response 

of the PMSM obtained using conventional DTC with 

high noise in the waveform and the speed settles with 

the reference with a delay and Figure (10) shows the 

speed response of the PMSM obtained using 

proposed FBL-DTC. It can be seen that the noise 

level in speed has been reduced and no overshooting 

takes place in curve using FBL-DTC when compared 

to conventional DTC. The results observed from the 

analysis are listed in table 1. From the table, it can be 

noted that the proposed FBL-DTC strategy settles 

faster for both speed and torque when compared to 

conventional DTC strategy. 

Figure (11) shows the torque response of 

PMSM using conventional DTC, it is observed that 

the torque ripples are high and torque drops during 

the variation in speed and during loading. Figure (12) 

shows the torque response of PMSM using FBL-

DTC, it is observed that the torque ripples have been 

considerably reduced and smooth torque has been 

obtained using FBL-DTC strategy. Figure (13), (14) 

and (15) shows the measured back emf, line current 

and line current- THD of the PMSM. Form figure 16 

it can be observed that the THD level is lesser when 

compared with the conventional DTC. It can be 

observed from the experimental results, that the 

proposed FBL - DTC strategy based PMSM drive 

significantly works effectively with reduced torque 

and undesirable harmonics. 

 

Figure 9. The speed response of PMSM using the 

conventional DTC 

 

Figure 10. The speed response of PMSM using the 

FBL-DTC 

 

Figure 11. Measured torque of PMSM using the 

conventional DTC 

 

Figure 12. Measured torque of PMSM using the 

FBL-DTC 

 

Figure 13. Measured PMSM Back EMF

Table 1. Comparative analysis 

                                 Strategy 

   Parameters 

Proposed FBL-DTC strategy Conventional DTC strategy 

Simulation Experiment Simulation Experiment 

Stator flux ripple (wb) 0.03 0.11 0.075 0.18 

Torque ripple (Nm) 0.07 0.19 0.15 0.43 

Settling time of speed (ms) 13.77 24.3 34.3 52.5 

Settling time of torque (ms) 5.25 13.3 11.0 29.6 

THD line current 1.21 1.2 3.47 4.3 
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Figure 14. Measured id and iq of the PMSM 

 
Figure 15. Measured THD of line current 

7. Conclusion 

A novel method for torque ripples and 

undesirable harmonics minimization of the PMSM 

drive using adaptive combined Feedback 

Linearization based Direct Torque Control 

methodology is presented in this paper. The 

performance of the proposed FBL-DTC methodology 

is evaluated by an extensive simulation and an 

experimental study, carried out on PMSM under 

various load conditions. The results show that the 

proposed FBL-DTC strategy is proficient in reducing 

torque ripples and eliminating undesirable harmonics 

of PMSM. The obtained simulation and experimental 

results also prove the ability and effectiveness of the 

proposed FBL-DTC scheme compared to 

conventional DTC method. 
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Appendix 

Parameters of the system considered for the study, 

PMSM motor parameters: Number of pole pairs, P 

= 4, Moment of inertia, J = 0.0008 Kg-m
2
, Stator 

resistance, Rs= 0.15Ω, Phase winding inductance, Ls 

= 0. 25 mH, d-axis inductance, Ld = 0.0085 H, q-axis 

inductance, Lq = 0.0085 H, Magnetic flux, φ = 0.175 

Wb, Speed, N = 2500 Rpm, Stator current, is = 3.5 A, 

DC voltage, VDC = 90 V, Back-EMF constant = 0.028 

v/rad/s. 

DC Generator parameters: Power = 250 W, 

Voltage = 24 VDC, Nominal current = 13.5 A, Rated 

speed = 2750 Rpm 
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Impedance Source Inverter parameters: AC input 

voltage = 230 V, Inductance, L1 = L2 = 1.6 mH, 

Capacitance, C1 = C2 = 1000 μF  
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