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A B S T R A C T   

This paper presents a robust speed regulation and control of a permanent magnet synchronous 
motor (PMSM). A linear quadratic regulator (LQR) based state feedback controller was developed 
to achieve a successful suppression of periodic disturbance of speed and torque. Sliding mode 
observer in conjunction with the disturbance observer was deployed in the control of motor 
speed. Simulations were carried out based on two compared controllers such as the state feedback 
controller and the conventional proportional-integral-derivative (PID) controller to attenuate the 
noisy effects of the external disturbance. A comparative analysis of results showed that a robust as 
well as an improved speed and torque dynamic performance was achieved with the state feedback 
(SFC) controller. A reduced periodic disturbance with percentage steady state error values of 
24.17% and 23.51% was obtained with the SFC controller as compared to 38.0% and 38.37% 
obtained using a PID controller. The Eigen values obtained from the derived state feedback matrix 
(K) based on Ackerman’s rule proved that the entire system operation is controllable and the 
performance index is marginally stable. All simulations were performed using MATLAB/SIMU-
LINK version 2021.   

1. Introduction 

Technological advancements in automations have shown that PMSM-motors are currently deployed to different electrical and 
mechanical applications due to their prevailing importance. These include high torque to weight ratio, greater efficiency, simplicity in 
structure, negligible rotor heating, small moment of inertia and minimized torque ripple [1,2]. The traditional control scheme for 
PMSM speed is the vector control method which shows that torque angle is kept at δ = 900 while ensuring that the reference direct axis 
current is held at a zero value [3,4]. In recent times, vector control and direct torque regulation in addition to adaptive sliding mode 
control (ASMC) are the most recommended processes of speed control [5]. In real life applications, applied load disturbances are 
unavoidable. Hence, establishing a precise steady state speed control with reduced steady state speed error during a distressed state 
becomes expedient. Externally applied torque is perceived as a major drawback which affects a steady state speed operation of a 
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permanent magnet synchronous machine (PMSM). The motive of a quality control machine specialist is to regulate or completely 
reduce the effects of this disturbance on the steady state speed limits. In Refs. [6–8], detailed work on the various forms of disturbance 
evaluation techniques was discussed. Parameter variations and incorrect adjustment of speed and machine loadability has generated a 
consequential effect on the steady state speed operation. Presently, emphasis is on how to adopt a pragmatic approach in ensuring that 
during a transient disturbance, a fast-dynamic response is achieved at a shorter period of time. This reduces the risk of heat dissipation 
and noisy processes. The contribution and motivation of this paper is to develop a linear quadratic regulator (LQR) based on state 
feedback controller that minimizes the periodic disturbance in speed and torque. To achieve this process, the Sliding mode observer in 
conjunction with the disturbance observer was incorporated. Simulations were carried out based on two compared controllers such as 
the state feedback controller and the conventional proportional-integral-derivative (PID) controller. This was done to illustrate the 
level of suppression in the periodic disturbance of machine speed and torque as indicated in the frequency spectrum. 

2. Related works 

Numerous research works have been carried out on PMSM speed control and regulations with the attendant disturbances. In 
Ref. [9], a problem of stabilization for non-linear delay systems was addressed with exogenous disturbances and event-triggered 
feedback control. In Ref. [10], output feedback stabilization problem with unknown control coefficients and output function was 
reported. Disturbance estimation was examined on PMSM speed controller using extended state observer (ESO) and was presented in 
Refs. [11,12]. Parameter variation with mismatched uncertainty for non-linear disturbance observer control was applied in the PMSM 
drive system as reported in Ref. [13]. In Ref. [14], a predictive control with extended state observer was used in optimizing the PMSM 
control performance while in Ref. [15], a reference model adaptive control with estimated disturbance was applied in speed regulation 
for a constrained state feedback. In Ref. [16], an extreme sliding mode speed regulation method was presented. In Ref. [17], a 

Nomenclature 

PMSM Permanent Magnet Synchronous Machine 
LQR Linear Quadratic Regulator 
DO Disturbance Observer 
PID Proportional Integral Derivative Controller 
SFC State Feedback Controller 
SMC Sliding Mode Control 
SMO Sliding Mode Observer 
ASMC Adaptive Sliding Mode Control 
ESO Extended State Observer 
TL Applied Load Torque 
PWM Pulse Width Modulation 
ABCD State Input and Output Matrix 
SMPMSM Surface Mounted Permanent Magnet Synchronous Machine 
αβ Alpha-beta 
i̇α and i̇β αβ stator currents 
̂̇iα and ̂̇iβ αβ estimated currents 
eα and eβ αβ Electromotive force 
λaf Rotor flux 
ωr Electrical angular velocity 
ωor Electrical angular velocity at a quiescent operating state 
sgn Signum function 
ωmr Mechanical angular velocity 
ωmor Mechanical angular velocity at a quiescent operating state 
Θ Theta 
Ϛb eta 
Tqdo Parks Transformation notation 
T − 1

qdo Inverse Parks Transformation notation 
δ Load angle also called del 
Ue(t) State control vector 
e(t) Error vector 
Ẋ(t) Derivative of state variables at time (t) 
Ẋ(∞) Derivative of state variables at time (∞) 
ωr

∗(t) Electrical angular velocity at time (t) 
ωr

∗(∞) Electrical angular velocity at time (∞)
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Sensorless PMSM speed control with disturbance and observer method was realized. In Ref. [18], a composite speed controller for 
PMSM was developed in an uneven disturbance. Fractional order proportional integral controller was developed for the control of the 
PMSM speed [19]. Controllers with dual degree of freedom were adopted for robust speed control. A model predictive speed control 
applied in speed ripple minimization of the PMSM was detailed in Ref. [20]. A novel approach of PMSM speed control with 
anti-disturbance sliding mode was also reported in Ref. [21]. 

A current control with disturbance observer for PMSM speed drives using an adaptive sliding mode was presented in Ref. [22]. A 
speed controller design was proposed for PMSM drives using only SMC and was presented in Ref. [23]. Zhang et al. [24] also presented 
a non-linear PMSM speed control with sliding mode and disturbance compensation. Combination of PMSM speed with current for 
terminal sliding mode control and non-linear disturbance observers was illustrated in Ref. [25]. Authors in Ref. [26] presented an SMC 
with a non-linear fractional order PID sliding surface for the speed performance of surface mounted PMSM drives based on an extended 
state observer. Authors in Ref. [27] described a work on PMSM servo-drive control system with state feedback and load torque using 
feed forward compensation. In Ref. [28], a simplified two degrees of freedom for robust speed control of PMSM was reported. It is 
worthy of note that in all the literature reviewed material, speed control was accomplished with the aid of different controller’s design 
which gave different percentage steady state error value under negative perturbation. New method applied here involved a close 
monitoring of the disturbance in order to readjust the speed operational point which constantly is updated with disturbance-observer 
method during speed perturbation. A state feedback controller (SFC) was designed using the updated linearized model obtained from a 
linear-quadratic regulator. In addition, an optimal control index was obtained using Ackerman’s method and a comparison was drawn 
from simulation results on cascaded operations based on improved sliding mode with disturbance-observer and a PID-controller’s 
approach. This work is organised as follows: Section 1 presents the introduction, while section 2 presents the reviewed literature. 
Section 3 presents the research methodology and discusses the PMSM mathematical modeling in non-linear and linear states with the 
design of an optimal linear quadratic regulator algorithm. Section 4 presents the results of simulation. Section 5 presents the 
conclusion and recommendation. 

3. Methodology 

3.1. PMSM mathematical modeling and design of optimal linear quadratic regulator 

The voltage equation of each stator winding for a PMSM is usually the summation of the resistive voltage drop and the voltage 
induced from the time varying flux linkage. The three phase voltage equation is therefore presented in Eq. (1). 

Va = raia +
dλa

dt

Vb = rbib +
dλb

dt

Vc = rcic +
dλc

dt

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(1) 

The stator windings are wound with the same number of turns so that their separate resistance is equal in all the three windings 
with ra = rb = rc = rs. In matrix form, the modified voltage equation is represented in Eq. (2). 

Vabc =Rsiabc +
dλabc

dt
=

⎡

⎣
rs 0 0
0 rs 0
0 0 rs

⎤

⎦×

⎡

⎣
ia
ib
ic

⎤

⎦+
d
dt

⎡

⎣
λa
λb
λc

⎤

⎦ (2) 

To transform the three phase PMSM voltage equation from abc to dqo, the Park transformation technique was applied as presented 
in Eq. (3). 

⎡

⎣
Sq
Sd
So

⎤

⎦=Tqdo ×

⎡

⎣
Sa
Sb
Sc

⎤

⎦ (3)  

where: S represents voltage, current and power in their respective domains. Also q, d and o are the quadrature, direct and zero 
sequence variables. The transformation factor Tqdo and its inverse are obtained from Eqs. (4) and (5). 

Tqdo =
2
3
×

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

cos θ cos
(

θ −
2π
3

)

cos
(

θ +
2π
3

)

sin θ sin
(

θ −
2π
3

)

sin
(

θ +
2π
3

)

1
2

1
2

1
2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4)  
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T − 1
qdo =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

cos θ sin θ 1

cos
(

θ −
2π
3

)

sin
(

θ −
2π
3

)

1

cos
(

θ +
2π
3

)

sin
(

θ +
2π
3

)

1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(5) 

Ideally, motors are operated with the neutral point floating since current is not allowed to flow in the neutral. Therefore, the zero 
sequence is usually not considered in the actual analysis of the machine. Expressing Vabc into Vqdo variable gives rise to Eq. (6). Further 
transformation of Eq. (6) gives rise to Eq. (7). 

Vabc =Rsiabc +
dλabc

dt
=RsT − 1

qdo iqdo +
d
dt

(
T − 1

qdo λqdo

)
(6)  

Vqdo =TqdoRsT − 1
qdo iqdo + Tqdo

d
dt

(
T − 1

qdoλqdo

)
(7) 

The detailed simplification of Eq. (7) as cited in Ref. [29] is presented in Eq. (8) 

Vqdo =Rsiqdo +ωr ×

⎡

⎣ −

λd
λq
0

⎤

⎦+
dλqdo

dt
(8) 

The mathematical modeling of the PMSM is developed based on Eq. (8) and also on the vector control where the axis of rotor 
rotating flux aligns with the d-axis of the machine. It is presumed that the inductance is independent of the rotor position. The basic 
non-linear models for electrical and mechanical equations of surface mounted permanent magnet synchronous machine equations are 
given in Eqs. (9-12) as referenced in Ref. [30]. 

Vq =Rsiq + L
diq

dt
+ ωrLid + ωrλaf (9)  

Vd =Rsid + L
did

dt
− ωrLiq (10)  

dωmr

dt
=

1
J
(Te − TL − Bωmr) (11)  

Te =
3
2
×

P
2
×iq ×

(
λaf

)
(12)  

In state space, Eqs. (9-12) can be re-arranged to Eqs. (13-15). 

diq

dt
=

Vq

L
−

Rs

L
iq − ωrid −

λaf

L
ωr (13)  

did

dt
=

Vd

L
−

Rs

L
id + ωriq (14)  

Fig. 1. Conventional closed-loop control diagram of the PMSM with speed sensor.  
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dωmr

dt
=

Kt

J
iq −

B
J

ωmr −
P

2 × J
TL (15) 

The mechanical and the electrical speed are related by Eq. (16). 

ωr =
P
2

ωmr (16)  

where: [iq id ωmr] are system states, [Vq Vd ] represents inputs of the system. The external disturbance which is given by Eq. (17) is 
dependent on the applied load torque TL. 

d= −
P
2J

TL (17)  

where: J = moment of inertia of the mechanical axis (kgm2), TL = applied load torque (Nm), ωmr = mechanical speed of the machine 
(Rad/Sec), B = coefficient of viscous friction (Nms2). 

Fig. 1 illustrates the conventional closed loop outline for permanent magnet synchronous motor (PMSM) drive. 
A Jacobian linearization method for Eqs. (13-16) is presented in Eq. (18) for a linearized function [30]. 

Ẋ=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

− Rs

L
− ωor

−
(
λaf + LIdo

)

L

ωor
− Rs

L
iqo

Kt

J
0

− B
J

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

+

⎡

⎢
⎢
⎢
⎢
⎢
⎣

1
L

0

0
1
L

0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎦

u +

⎡

⎣
0
0
1

⎤

⎦d (18) 

The model presented in Eq. (18) is a PMSM linearized model around an operating point [iqo ido ωor]. For a vector control, a 
constant torque angle of δ = 900 is required which gives rise to id = 0 while iqo = i∗q which varies as the load torque changes. In steady 
state condition, the load torque is always equivalent to the motor developed torque given by Eq. (19). 

TL = Te (19) 

Substituting Eq. (12) into Eq. (19) while observing the vector control conditions gives rise to Eq. (20). 

i∗q = iqo =
TL(

3
2

P
2 λaf

) (20) 

Based on Eq. (20), it is obvious that iqo is dependent on the disturbance and is refreshed using a disturbance-observer (DO) with a 
new operating point [iqo ido ωmor] successfully updated. Two cascade observers which include sliding mode observer and disturbance 
observer are used for speed estimation and disturbance. Sliding mode is a generally known technique applied in hardware imple-
mentation [25,26,31–33]. Sliding mode observer is achieved using PMSM equation model based on Clark’s αβ coordinate trans-
formation system. Therefore, transforming Eqs. (9) and (10) into αβ coordinate with the back emf incorporated gives rise to Eqs. (21) – 
(24). 

L
diα

dt
= − Riα − eα + Vα (21)  

L
diβ

dt
= − Riβ − eβ + Vβ (22)  

eα = − λaf ωr sin θ (23)  

eβ = − λaf ωr cos θ (24)  

The surface current chosen are presented in Eqs. (25–27). 

S=
̂̇is − i̇s (25)  

i̇s =
[

i̇α i̇β
]

(26)  

̂̇is =
[ ̂̇iα

̂̇iβ
]

(27)  

where: i̇α and ̇iβ are αβ stator currents, ̂̇iα and ̂̇iβ are αβ estimated currents, eα and eβ are the αβ Electromotive force, λaf is the rotor flux, 

ωr is electrical angular velocity (Rad/Sec.). On attaining sliding surface, S is zero while ̂̇iα = i̇α and ̂̇iβ = i̇β. The observer is therefore 
robust under this condition. The back emf also changes with the new expression obtained based on the dynamic equations presented in 
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Eqs. (28) and (29). 

L
d̂̇iα

dt
= − R̂̇iα − Kxsgn(̂̇iα − i̇α) + Vα (28)  

L
d̂̇iβ

dt
= − R̂̇iβ − Kxsgn

( ̂̇iβ − i̇β
)
+ Vβ (29) 

Comparing Eqs. (21) and (22) with Eqs. (28) and (29) gives rise to the emf equation given in Eq. (30). 

êα = Kxsgn(̂̇iα − i̇α)

êβ = Kxsgn
( ̂̇iβ − i̇β

)

}

(30) 

As earlier mentioned, the externally applied load torque is considered as a disturbance. This disturbance is assessed with a 
disturbance-observer equation presented in Eq. (31). 

dωmr

dt
=

1
J

(
3
2

P
2

λaf iq − TL − Bωmr

)

(31) 

Selecting state variables as x = ωmr, disturbance as d = − TL
J , KT = 1

J
3
2

P
2 λaf . Then Eq. (31) gives rise to Eq. (32). 

Ẋ=
− B

J
X + KTiq + d (32) 

The disturbance is presumed as a gradually changing load torque disturbance which can be compensated with a properly designed 
controller. A controller is designed based on the linearized model presented in Eq. (18) which is compactly denoted in Eq. (33). 

Ẋ = Ax + BuU + Bdd
Y = Cx

}

(33) 

A =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

− Rs

L
− ωor

− (λaf + LIdo)

L

ωor
− Rs

L
iqo

Kt

J
0

− B
J

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

; Bu =

⎡

⎢
⎢
⎢
⎢
⎣

1
L

0

0
1
L

0 0

⎤

⎥
⎥
⎥
⎥
⎦

; Bd =

⎡

⎣
0
0
1

⎤

⎦; C = [ 0 0 1 ]; x = [ iq id ωr ]
T; U = [Vq Vd]

T. The initial steady-state 

operating point is given by xo = [ iqo ido ωor ]

A linear state feedback controller (SFC) meant for tracking the anticipated result is gotten from a Linear-Quadratic Regulator (LQR) 
[16,34,35]. A modified block diagram of Fig. 1 with SMO and DO incorporated is presented in Fig. 2 as the Sensorless based vector 
control model. 

A linear quadratic regulator is an optimal control problem where machine state equation is made linear, the cost function is 
quadratic and the test conditions comprise the initial condition on the state with no disturbance input. A conventional state feed 
controller (SFC) is always designed using state errors. For a design with negligible steady state error in speed, an integral feedback 
controller is applied as presented in Eq. (34). 

Fig. 2. Modified block diagram of the Sensorless PMSM vector control with SMO and DO.  
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U= − Kx (X∗ − X) + KbϚb (34)  

Where: Ϛb = (ωr
∗ − ωor). Augmenting Eqs. (33) and (34) gives rise to Eq. (35). 

[
Ẋ(t)

Ϛ̇b(t)

]

=

[
A 0
− C 0

][
x(t)
Ϛb(t)

]

+

[
B
0

]

U(t)+
[

Bd
0

]

d(t) +
[

B
0

]

ωr
∗(t) (35)  

When t = ∞, Eq. (35) changes to Eq. (36) as presented. 
[

Ẋ(∞)

Ϛ̇b(∞)

]

=

[
A 0
− C 0

][
x(∞)

Ϛb(∞)

]

+

[
B
0

]

U(∞)+

[
Bd
0

]

d(∞) +

[
B
0

]

ωr
∗(∞) (36)  

Subtracting Eq. (36) from Eq. (35) gives rise to Eq. (37). 
[

Ẋ(t) − Ẋ(∞)

Ϛ̇b(t) − Ϛ̇b(∞)

]

=

[
A 0
− C 0

][
x(t) − x(∞)

Ϛb(t) − Ϛb(∞)

]

+

[
B
0

]

U(t) − U(∞) +

[
Bd
0

]

d(t) − d(∞)+

[
B
0

]

ωr
∗
(t) − ωor

∗
(∞) (37)  

In a compact arrangement, Eq. (37) can be rewritten as presented in Eq. (38). 
[

Ẋe(t)

Ϛ̇e(t)

]

=

[
A 0
− C 0

][
xe(t)
Ϛe(t)

]

+

[
B
0

]

Ue(t) +

[
Bd
0

]

de(t) +

[
B
0

]

ω∗
e(t) (38)  

where: Ẋe(t) = Ẋ(t) − Ẋ(∞) ; Ϛ̇e(t) = Ϛ̇b(t) − Ϛ̇b(∞); xe(t) = x(t) − x(∞); Ϛe(t) = Ϛb(t) − Ϛb(∞); Ue(t) = U(t) − U(∞); de(t) = d(t) − d(∞); ω∗
e(t) =

ω∗
(t) − ω∗

(∞)
. 

A relational equation for the control vector Ue(t) and the error vector e(t) is defined by Eq. (39). 

ė(t)= Âe(t) + B̂Ue(t) (39)  

where: Â =

[
A 0
− C 0

]

; B̂ =

[
B
0

]

; Ue(t) = − Ke(t); K =

[
kx
kb

]T

. The simplified state equation that represents the error vector with the 

system matrix is presented in Eq. (40). 

ė(t)= (Â − B̂K)e (40)  

So, by direct placement of the Eigen vector in Eq. (40) and by verifying the resultant values through MATLAB, the nature of the stability 
error e(t) limit is obtained. A linear quadratic regulator generally is intended to curtail a quadratic performance measure of a non-linear 
equation. A reliable cost function to use when the control system is designed to operate for a long period of time is given by Eq. (41). 

J=
1
2

∫ (
xT
(t) Q x(t) +UT

(t)RU(t)

)
dt (41) 

Table 1 
Simulation parameters used.  

Parameters Values 

Inverter Carrier Frequency (kHz) 5 
Modulation index 0.8 
PMSM rated power (hP) 15 
Supply Frequency (Hz) 50 
Rated phase voltage (V) 220 
Stator resistance (Ω) 0.875 
Inductance (mH) 8.75 
Flux linkage (Weber-Turn) 0.0175 
d-axis operating current (A) 2 
Moment of Inertia (kgm2) 0.0875 
Viscous friction (N.M.S) 0.00003075 
Number of Poles 8 
Load torque (Nm) 0.85 
Synchronous speed (Rad./Sec.) 78.55 
Proportional Controller 1.25 
Integral Controller 0.025 
Derivative Controller 0.000025  

C.O. Omeje et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e26018

8

In this case, Q ≥ 0 and R > 0 though their values are determined by control Engineer or designers. In this work, Q and R values are 
chosen as unity matrix for accuracy and simplicity. 

Q = [100,010,001] and R = 1. The state feedback matrix gain (K) is shown in Eq. (42). Where P is the solution to the algebraic 
matrix Riccati equation as presented in Eq. (43). 

K=R− 1 BT PxT
(t) (42)  

PA+ATP − PBR− 1BTP + Q = 0 (43) 

The most commonly used approach in determining the value of (P) is built on trial-and-error method. Therefore, substituting the 
value of the machine parameter in Table 1 into the state system matrix gives rise to a solution of Eq. (43). 

PA=

⎡

⎣
P11 P12 P13
P12 P22 P23
P13 P23 P33

⎤

⎦

⎡

⎣
-100 -314.2 -4
314.2 -100 2
152.8 0 0

⎤

⎦ ATP=

⎡

⎣
− 100 314.2 152.8
− 314.2 − 100 0
− 4 2 0

⎤

⎦

⎡

⎣
P11 P12 P13
P12 P22 P23
P13 P23 P33

⎤

⎦.

P12 = P21, P23 = P32, P13 = P31, B = [001] and BT = [0 0 1]. 
The SFC gain K in Eq. (42) can be calculated by substituting these matrix variables into the Riccati equation in Eq. (43) to solve for 

P-values but this may result to a complex matrix computation with attendant error. Therefore, a simplified LQR algorithm which 
minimizes the performance index is presented in Fig. 3 which evaluates the SFC gain K with high accuracy that is in conformity with 
[36]. 

4. Results and discussion 

Table 1 contains the simulation parameters applied in this work. In Fig. 4, dq-axes currents of the PMSM with state feedback 
controller were presented while Fig. 5 contains dq-axes current with PID controller. It is obvious in both Figures that the transient 
response time with the PID controller during an external disturbance was more pronounced than with the SFC controller. This could 
result in an undesirable noise and vibration in the PMSM. In Figs. 6 and 7, rotor speed with SFC controller and PID controller were 
presented. It is observed that the speed response with the SFC controller on full load is very much improved and has a lower percentage 
steady state error of 24.17% due to reduced settling time of 0.725817 Sec. A synchronous speed of 78.544 Rad/Sec. was also attained at 
a faster rate with the SFC controller during a full load operation. The speed response to an external disturbance using the PID controller 
showed that more ripples were obtained which took a longer duration of 1.13997 Sec. before attaining a steady state condition. This 
also gave rise to a higher percentage steady state error value of 38.0%. Table 2 showed that an improved dynamic performance was 
achieved with the SFC controller. In Figs. 8 and 9, the electromagnetic torque ripples were reduced using the SFC controller whereas 
with a PID-controller, an undesirably high oscillation was obtained. The percentage steady state error is expressed as: 

Settling Time (Sec.)
Simulation Time (Sec.) × 100%. Therefore in Table 2, the percentage steady state error in torque indicated that 38.37% was produced with a 
PID-controller as opposed to 23.51% produced with SFC controller. In Figs. 10 and 11, the power outputs of the two controllers were 

Fig. 3. State Feedback gain (K) algorithm with LQR.  

C.O. Omeje et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e26018

9

presented. It is also observed that the steady state power output with SFC controller was attained at a faster rate with a settling time of 
0.82017 Sec. and with a reduced percentage error value of 27.35% as against 38.84% obtained using a PID controller. In Figs. 12 and 
13, it is observed that torque-speed characteristics with SFC controller prior to the attainment of synchronous speed value of 78.55 
Rad/Sec. exhibited a slight transient characteristic which is less severe as compared with the PID controller. The inverter phase A gate 
signal is presented in Fig. 14. It is shown in this Fig. 14 that IGBT2-Gate signal is complementary to IGBT1-Gate signal and therefore 
cannot be turned on simultaneously. The inverter phase voltage and current are shown in Fig. 15. A close observation showed that the 
current is almost in phase with the voltage which is indicative of a unity power factor operation. The frequency spectrums for the speed 
and torque dynamics are presented in Figs. 16 and 17. The plots indicated that the SFC enabled a robust and extremely high atten-
uation of periodic disturbances in the PMSM drive system. It can be observed that the spectrum with a PID controller contained several 
harmonic components which gave rise to acoustic noise and machine overheating during fluctuating load operation. 

In Fig. 18, it is observed that the Sensorless control system performed well during the start-up operation as shown in the actual 
speed of the machine, while the estimated speed took a longer duration before attaining a steady state and also tracked the actual speed 
after 0.5 Sec. A drop in speed was observed during a load change of 0.85Nm which was restored to a steady state synchronous speed of 
78.57 Rad/Sec at 1.403 Sec. In Fig. 19, the start-up transient in the actual torque developed by the machine was very minimal as 
compared to the estimated torque. The steady state attainment was achieved at a faster rate as seen in the actual developed torque 

Fig. 4. dq-axes Current with SFC-Controller.  

Fig. 5. dq-axes Current with PID-Controller.  

Fig. 6. Rotor speed (Rad/Sec.) with SFC-controller.  
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Fig. 7. Rotor speed (Rad/Sec.) with PID-Controller.  

Table 2 
Performance characteristics of the PMSM based on simulation results.  

Varying Parameters Settling Time (Sec.) Simulation Time (Sec.) Steady State error (%) 
Settling Time (Sec.)

Simulation Time (Sec.)
× 100  

Speed with PID Controller 1.13997 3 38.00 
Speed with SFC Controller 0.725817 3 25.09 
Electromagnetic Torque with PID Controller 1.15108 3 38.37 
Electromagnetic Torque with SFC Controller 0.70508 3 23.51 
Power output with PID Controller 1.16536 3 38.84 
Power output with SFC Controller 0.820417 3 27.35  

Fig. 8. Torque (Nm.) with SFC-controller.  

Fig. 9. Torque (Nm.) with PID-Controller.  
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Fig. 10. Output power (kW) with SFC-Controller.  

Fig. 11. Output power (kW) with PID-Controller.  

Fig. 12. Torque against speed with SFC-controller.  

Fig. 13. Torque against speed with PID-Controller.  
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Fig. 14. Phase A inverter gate signals.  

Fig. 15. Inverter phase voltage (V) and current (A).  

Fig. 16. Plot of speed and torque spectrum against time (Sec.) with SFC-controller.  

Fig. 17. Plot of speed and torque spectrum against time (Sec.) with PID-Controller.  
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waveform before it closely tracked the estimated torque. A rise in torque was also observed at 1.327 Sec. before a steady state condition 
was regained. The dq-axes current for the vector controlled Sensorless speed controlled PMSM is presented in Fig. 20. It is observed 
that the d-axis current is completely zero for vector controlled operation while the q-axis current oscillated between 20 A and − 20 A at 
0.5 Sec. The Eigen value obtained from the algorithm earlier presented in Fig. 3 using the state feedback matrix showed that the system 
equation is controllable with the following values: λ1 = − 99.698+ j315.08, λ2 = − 99.698 − j315.08, and λ3 = − 0.6036. The state 

feedback gain obtained based on the algorithm presented in Fig. 3 is given by K =

[
0.0870 − 0.2749 0.6219
0.2749 − 0.0870 0.0001

]
⎡

⎣
X1
X2
X3

⎤

⎦. The per-

formance control index is therefore minimized by K =

[
0.0870X1 − 0.2749X2 0.6219X3
0.2749X1 − 0.0870X2 0.0001X3

]

. 

5. Conclusion and recommendations 

5.1. Conclusion 

In this paper, a non-linear PMSM modeled equation was derived and linearized, while a state feedback controller design based on 
the linearized model was achieved with a linear quadratic regulator (LQR). The state feedback matrix K derived from Ackerman’s 
technique with the computed Eigen values shows that the entire system is controllable and the performance index is marginally stable. 
The displayed simulation results indicate that a substantial enhancement in machine dynamic performance was achieved using the 
state feedback controller as manifested in the reduced percentage steady state error obtained from the motor speed, electromagnetic 
torque and power output. The frequency spectrum also indicates that a robust and an extremely high attenuation of periodic dis-
turbances was achieved with the state feedback controller. The sensorless control system also exhibited a high performance rate during 
the start-up operation of the machine actual speed, while the estimated speed showed a longer duration in attaining a steady state with 
a good tracking of the actual speed. A robust start-up transient of the machine was also achieved with good tracking between the actual 
developed torque and the estimated torque during a no-load and a full load condition. In summary, the outcome of this paper proved 

Fig. 18. Speed response to Load Changes for a Sensorless PMSM Drive Control.  

Fig. 19. Torque response to Load Changes for a Sensorless PMSM Drive Control.  
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that SFC controller with a proper parameter selection gave a robust control with good transition time than the traditional PID 
Controller while a Sensorless speed control offered an excellent drive performance with the attainment of steady state at a faster rate 
during a full load condition which reduces the risk of machine downtime and overheating effects. 

5.2. Recommendations 

For an effective control and drive performance of a permanent magnet synchronous machine with reduced periodic disturbances, a 
state feedback controller with linear quadratic regulator was adopted and recommended in this paper over the conventional PID- 
controller. The real-life implementation of the simulated work was an obvious limitation due to dearth of laboratory equipment 
and the needed facilities for validation. The scope for future work therefore is on how to experimentally validate the simulation results 
to conform to the standard best practice and also serve as a justification of the research work. 
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