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ABSTRACT

High Precision Sensorless Speed Control of SPMSM based on
Adaptive Observer utilizing Predictive Approach

Muhammad Usama

Advisor: Prof. Jaehong Kim, Ph.D.

Department of Electrical Engineering

Graduate School of Chosun University

The objective of the paper is to present the efficient and dynamic sensorless

speed control of a nonsilent permanent magnet synchronous motor (SPMSM)

drive at a wide speed range. For high-performance speed sensorless control, a

finite control set model predictive current control (FCS-MPCC) algorithm based

on a model reference adaptive system (MRAS) is proposed. With the FCS-

MPCC algorithm, the inner current control loop is eliminated, and the limitations

of the cascaded linear controller are overcome. The proposed speed sensorless

control algorithm provides an efficient speed control technique for the SPMSM

drive owing to its fast dynamic response and simple principle. The adaptative

mechanism is adopted to estimate the rotor shaft speed and position used in FCS-

MPCC for dynamic sensorless control. FCS-MPCC uses a square cost function

to determine the optimal output voltage vector from the switching states that give

the low cost index. A discrete-time model of a system is used to predict future

currents across all the feasible voltage vector produced by the voltage source

inverter. The optimal voltage vector that reduced the cost function is adopted and

utilized. Simulation results showed the efficacy of the presented scheme and the

vii



viability of the proposed sensorless speed control approach under diverse loading

conditions at wide speed operation range.
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한글요약

예측제어기반의적응형관측기를이용한표면부착형영구자석

동기모터의고정밀센서리스속도제어

우사마무하마드

지도교수:김재홍

전기공학과

대학원,조선대학교

본 논문에서는 표면 부착형 영구자석 동기모터(Surface-mounted permanent-

magnet synchronous machine: SPMSM)를 넓은 속도범위에서 효과적으로 센

서리스속도제어하는방법을제안하였다.고성능센서리스속도제어를위해,

모델참조적응시스템(Model reference adaptive system: MRAS)을기반으로한

유한 제어집합 모델예측 전류제어(Finite set model predictive current control:

FCS-MPCC)알고리즘을제안하였다.내부전류제어루프가 FCS-MPCC로대

체되었고,따라서직렬로연결된선형제어기의한계를극복하였다.제안된센

서리스 제어 알고리즘을 사용하면 빠른 동적응답과 간단한 구현방법 덕분에

SPMSM을 효과적으로 속도제어 할 수 있다. 적응 매커니즘은 센서리스 제어

를 위한 FCS-MPCC에서 회전자축의 속도 및 위치를 추정하는데 사용되었다.

이 FCS-MPCC는비용지수를최소로만드는스위칭상태로부터최적의출력전

압벡터를결정하기위해제곱비용함수의형태를적용하였다.또한,시스템의

이산시간 모델은 전압형 인버터에서 사용 가능한 모든 전압벡터에 의한 미래

의 전류값를 예측하는데 사용되었다. 본 논문에서 주어진 시뮬레이션 결과는

넓은속도영역에서다양한부하조건에대해제안된센서리스속도제어방식이

빠르고효과적으로동작함을보여준다.
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I. INTRODUCTION

A. Power Inverter

Power electronic is the application of solid-state electronics to control and convert

electrical power. Electronic devices provide interface between two electrical

systems, e.g. conversion of ac to dc.With the advancement in semiconductor

technology, the speed control of ac motor drive becomes easy. Inverter with

semiconductor switches (MOSFET, IGBT, etc.) creates variable frequency from

the direct current source which is further utilized to drive ac motor drive. The

two types of inverter exist with different structure and totally different behaviour

depend on input source.Based on working principle both the inverter type are

different [1]-[2]. Voltage source inverter operates on current control mode fed by

stiff dc voltage whereas the current source inverter operates on voltage control

mode fed by the stiff current source. Different inverter consisting of six switched

and a dc source is shown in Fig. 1.

In voltage source inverter both the parallel connected switches can’t operate

at same time due to DC-link short circuit. Each switch with anti-parallel diode

in voltage source inverter provides commutation path for inductive loads. The

traditional current source inverter affect from disadvantages such as harmonic

resonance, low speed steady state error and torque pulsation. So, keeping these

drawback in mind the voltage source inverters are utilized in this paper.

B. Literature Review

Recently surface-mounted permanent magnet synchronous motor (SPMSM)

drives have attracted increased attention for industrial applications in variable

1
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Figure 1: Three-phase inverter

speed control systems. SPMSM drives replace asynchronous and dc motor

drives in various industrial sectors owing to advantages, such as small size,

high power-to-size ratio, zero copper loss across the secondary winding, high

efficiency, simple modeling, low maintenance cost, and high power factor [3].

For applications in hybrid electric vehicles, ships, and elevators, SPMSM drives

need high-performance control and high efficiency for quick dynamic response

and accurate position tracking [4]. For high-performance control, mechanical

sensors are used to sense the rotor shaft speed and position; however, such

sensors can be affected by the environment as well as increase the price of the

system and decrease system reliability. Owing to these factors, the development

of sensorless speed and position control technology has become important

[5]-[6]. Different sensorless control schemes had been proposed as shown in

Fig.2, including model-based sensorless approaches and high-frequency signal

injection schemes [7]-[8]. Among the model-based sensorless approaches non

adaptive methods use measured motor phase current and voltage as well as

fundamental machine equations of motor drive. These methods are easy to

compute, simple to implement with give quick response but on contrary these

methods require accurate motor parameters and give erroneous results with

2



parameter perturbation.

Model Based Techniques Saliency Tracking Based Techniques

Non-Adaptive
Open-Loop

Adaptive
Closed-Loop

AI

Using Volt
and current

Flux based 
position Est.
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Position Est.
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FNN
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Signal Injection Transient Excitation

HF Square
wave voltage

HF Pulsating

Low Freq
signal inject.

Fundamental PWM
excitation

Zero Sequene
carrier inject

Sensorless Speed Estimation Techniques

Figure 2: Sensorless techniques.

Among adaptive techniques,sliding mode observer are most popular and

widely used because of its easy implementation and zero effect on parameter

perturbation. However, the major disadvantage of this approach is that it is not

effective in the low or zero speed range because the estimation is based on

electromagnetic field (EMF) signals that contain information of shaft speed and

position. Thus, at low or zero speed where there is no EMF information, the

estimation of a sensorless algorithm is not possible [9]. The fuzzy control scheme

is designed to deal with the non-linearity of SPMSM by utilizing inference

rules; however, it requires extensive knowledge and experience in determining

3



the rules [10]. Saliency based technique is mostly employed for motor drive

having saliency like IPMSM. High frequency signal is injected in motor drive

terminal with main driving power. The high frequency signal will not affect the

motor motion but will yield different response of dq-axis current due to rotor

misalignment and that is cause because of rotor saliency. Based on this real rotor

position is observed and this technique help to estimate the rotor speed at low

speed or standstill.

Due to non-salient motor drive, the adaptive control model is design to

estimate the rotor speed at low or negative operation range. The model reference

adaptive control technique is employed to design a sensorless speed control

model. The model reference adaptive system (MRAS)-based control approach

has been studied by various researchers. It utilizes proportional-integral (PI)-

based cascade loop control for sensorless control of SPMSMs. The MRAS

performs efficiently in the low- and high-speed operation region. However, its

performance is restricted by motor parameter uncertainties, although encoder-less

speed control can still be achieved. The MRAS with an inner current control loop

with PI gain increases both the speed ripple and rise time with large overshoot

[11]-[12].

In a recent years,model predictive control (MPC) has emerged as a powerful

control method for the efficient dynamic performance of motor drives and power

converters. Predictive controller is a non-linear controller that uses the model of

the system to predict the future states and control variable of the system. Various

classifications are made based on which different predictive control techniques

are shown in Fig.3.

4
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Figure 3: Various predictive control designs.

The most common predictive control strategies are Hysteresis control,

deadbeat control and model predictive control. Hysteresis based controller

maintain the control variable with in a given hysteresis band and is simple and

easy to implement and is also known as bang bang controller but for efficient

response hysteresis band need to be small that cause high switching loss. In

deadbeat, the system equation is employed to reach to reference current value

based on voltage vector applied. Deadbeat controller are sensitive to model

parameter error and system delay that affect the system performance. Continuous

predictive control utilized the average model of the system and has complex

5



optimization process. So finite control set mpc is proposed with square cost

function to estimate the future state of the system based on input control variables.

Compared with conventional control methods, such as field-oriented

control(FOC) and direct torque control (DTC), the FCS-MPC scheme shows high

performance because it is based on the internal model of the motor drive. In FOC,

the fine-tuning of PI gain is required, which is a major concern, and the current

control loop bandwidth is limited, These problems make FOC unsuitable for high

dynamic response applications. In DTC, the current control loop is eliminated

along with modulation block. The optimal output VV is chosen based on a lookup

table designed according to the flux and torque difference and stator flux position.

DTC causes high ripples across the torque and phase current [13]-[14]. MPC

employs the discrete-time function of a system to predict the future response

over the discrete instant, and adopts suitable control measures according to a

predefined cost function [15]. With the limited number of possible switching

configurations of the voltage source inverter (VSI), the optimal output VV is

determined, and shows the efficient current control technique for different types

of power inverters for motor drive applications [16]. Model predictive torque

control (MPTC) shows good response to torque ripple and motor phase current

harmonics, in contrast to conventional DTC. The optimal VV is obtained by

combining the torque and flux errors into a cost function to evaluate the error

and provide the optimal output VV. However, owing to different units of torque

and flux, a special step is required when selecting the weighting factor of the

stator flux, which requires fine-tuning and makes MPTC unsuitable [17]. In

(MPCC), the phase current is the only control variable taken into account for

error evaluation across the cost function or decision function for the optimal

output VV. MPCC has a simple principle and solution compared with MPTC

6



because the phase current is only a control variable that is easily measured across

the motor drive [18]-[19].

C. Thesis Objective

In this thesis, the possible switching configurations of the VSI are considered,

and the pulse modulation block method is eliminated. A squared cost function is

proposed for efficient reference quadrature axis i∗q current tracking and dynamic

performance. Hybrid method is employed as alternative approach to enhance the

sensorless control performance of motor drive. As in SPMSM torque is directly

dependent on stator current, so therefore instantaneous motor phase current with

high accuracy and short transient period together with high high performance

and low harmonic can potentially improve overall torque performance. The main

contribution of this paper is improvement of the dynamic response of motor

drives for sensorless speed control applications at a wide speed range under

variable loading conditions by designing an MRAS estimator for continuously

estimating the rotor shaft angular velocity and position. and used the estimating

values online in (FCS-MPCC) for estimating the optimal output VV for the

VSI. In this thesis, FCS-MPC approach is introduced along with the estimation

algorithm based on the adaptative mechanism for sensorless speed control rather

then traditional PI-MRAS control. With the MRAS based on FCS-MPCC,

the efficiency of the ac motor drive improved significantly with fast dynamic

response and reduced ripple across the shaft speed.

The literature review and thesis goal are mentioned in chapter I. The

mathematical model of the SPMSM is described in Chapter II. In Chapter III,

the proposed algorithm for sensorless speed control along with stability analysis

7



is presented. The development of the proposed design and the verification of

sensorless speed control under transient conditions are described in Chapter IV.

The conclusion is given in Chapter V.

8



II. Modelling of SPMSM

Permanent Magnet (PMs)eliminate the use of field exciting coils and slip ring

for current conduction. Due to the absence of field winding inside the rotor, PM

motors have low inertia. The field strength is so high such that the volume of

the motor reduced. As there is no copper loss of the secondary winding, the PM

motors have high efficiency and dynamic performance than induction motors [3].

SPMSMdcV a
b

c

ai

bi
ci

1S

2S

3S

4S

5S

6S

Figure 4: Three-phase two-level VSI-fed SPMSM.

For industrial applications, a two-level VSI is the best choice because it is

simple to design and is economical. The two-level three-phase inverter connected

to the SPMSM is shown in Fig. 4. Vdc is the VSI input voltage, and voltage

vabc is applied across the SPMSM windings. The six switches of the VSI shape

the output voltages that are controlled by the switching pulse order given by the

MPCC.

The dq-equivalent circuit of SPMSM is shown in Fig. 5. In a three-phase

9



(a) d-axis (b) q-axis

Figure 5: SPMSM equivalent circuit.

coordinate system, the voltage equations of SPMSM is given as [3]
va

vb

vc

= rs


ia

ib

ic

+
d
dt


λa

λb

λc

 . (1a)


λa

λb

λc

=


Lms +Lls −1

2Lms −1
2Lms

−1
2Lms Lms +Lls −1

2Lms

−1
2Lms −1

2Lms Lms +Lls




ia

ib

ic

+λm


cosθr

cosθr− 2π

3

cosθr +
2π

3

 .

(1b)

vd = rsid +
dλd

dt
−ωrλq. (1c)

vq = rsiq +
dλq

dt
+ωrλd. (1d)

λd = Lsid +λm. (1e)

λq = Lsiq. (1f)

(1b) is the stator flux linkage equation that is determined in [3], where Lms is

the mutual inductance between the windings, Lls is the self inductance of stator

winding and λm is the permanent magnet flux. The total stator flux linkage is

the combination of stator current and rotor flux. SPMSM are considered to have

10



uniform airgap from the view of magnetic circuit of stator winding, since the

permeability of permanent magnet is close to one the inductance is constant and

is independent of rotor position. The PMSM model is simplified by transforming

the three phase voltage abc reference (1a) to d-q synchronous reference frame

with the well-known Park’s transformation and obtained as (1c) and (1d). The

dq-model in synchronous frame is shown in Fig. 6. Flux linkage dq components

are obtained by transforming stator flux linkage (1b) to synchronous reference

frame.

The voltage equation of SPMSM in synchronous reference frame using (1)

can be written: ve
d

ve
q

=

 rs +Ls p −ωrLs

ωrLs rs +Ls p

 ied
ieq

+

 0

ωrλm

 . (2)

where rs is the stator resistance, λm is the rotor flux linkage, ωr is the electrical

rotor speed, and p is a differential operator. As SPMSM is nonsilent and

independent of rotor position so, Ls = Ld = Lq. Then, the electromagnetic torque

Te generated by the motor is given as:

Te =
3P
2
(λ e

d ieq−λ
e
q ied) (3a)

Te =
3P
2
[λmieq− (Lq−Ld)iedieq] (3b)

Te =
3P
2
[λmieq]. (3c)

where P is the poles pair. The mechanical equation is

TL = Te−Bωm− Jpωm. (4)

where TL is the load torque, ωm is the rotor mechanical speed, and J and B are

the motor inertia and friction coefficient, respectively. The relationship between
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mechanical and electrical rotor position is θr = Pθm. Based on (2-4) the PMSM

dynamic model is shown in Fig. 8.

dq

α

β

sI

diqi

iα

iβ

θ

Figure 6: View of dq-axis SPMSM.

From (2), the dynamic dq current model of SPMSM is obtained as

d
dt

 ied
ieq

=

 − rs
Ls

ωr

−ωr − rs
Ls

 ied
ieq

+

 1
Ls

0 0

0 1
Ls
−λm

Ls




ve
d

ve
q

ωr

 . (5)

iedq = [ied ieq]
T is the system output, whereas ve

dq = [ve
d ve

q]
T is the control input in

(5). The dq-transformation simulink model is shown in Fig.7
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Figure 7: DQ-transformation.
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Figure 8: PMSM dynamic model.
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III. Proposed Speed Sensorless Control

Algorithm

In this section, the speed sensorless control algorithm is described in detail. In

traditional sensorless control design the classical fixed PI current controllers

are employed. The output of PI current controllers are the voltages which are

used to obtain switching pulse for VSI based on modulation technique. The

classical fixed gain PI current controllers are sensitive to parameter variation

along with reference speed and load disturbance. secondly the due to cascaded

structure the gain value are selected such that the closed loop bandwidth is

larger than the speed bandwidth. Due to these limitations, the nonlinear current

controller for sensorless speed operation is proposed to increase the efficiency

and performance under the load conditions. The proposed design is structured

as: First, the discrete-time model of the SPMSM is described. Then, the FCS-

MPCC is discussed, which generates the switching pulse for the VSI to control

the reference model of the algorithm. Finally, the MRAS-based sensorless control

approach is applied to estimate the motor angular velocity and position for

dynamic control of the motor drive.

A. Discrete Model of SPMSM drive

MPC method uses the discrete-time model of the system to predict the future

value of load current for each possible VV. The mathematical model of SPMSM

is discretize to determine the necessary condition for model prediction. An

internal discrete-time model of the motor drive was utilized to predict the future

state of the output state variable for input control over the sample time Ts. The

discrete-time internal model of the motor drive was obtained by forward Euler
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approximation, which is written as follows [20]:

di
dt
≈ [ik+1− ik]

Ts
. (6)

SPMSM

VSI

Switching State

Squared
Cost Function

for Error
MinimizationPredictive Model

eje θ abci

1k
dq
+ik

dqi

*k
dqi

Figure 9: MPCC technique for SPMSM.

The predictive current control also examined the three-phase two-level

inverter model to determine the optimal output VV. The states of the inverter

switches are listed in Table. 1 and utilized in Fig. 9. The three-phase inverter is

described by

S =
2
3
(S1 + e j 2π

3 S3 + e j 4π

3 S5). (7)

The motor phase voltages calculated by the switching states of VSI are expressed

as follows: 
vas

vbs

vcs

=
Vdc

3


2 −1 −1

−1 2 −1

−1 −1 2




S1

S3

S5

 , (8)
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where Vdc is the inverter input dc voltage, as shown in Fig. 4. With the possible

combinations of switching patterns, the output VVs are acquired. Thus, three-

phase motor voltages are transformed into rotor reference frames by utilizing

well known Park’s transformation as
ve

d

ve
q

ve
0

=
2
3


cosθr cos(θr− 2π

3 ) cos(θr +
2π

3 )

sinθr sin(θr− 2π

3 ) sin(θr +
2π

3 )

1√
2

1√
2

1√
2




vas

vbs

vcs

 . (9)

By Euler forward approximation, (2) can be expressed in the discrete-time model

as

vk
d = rsikd +

Ls

Ts
(ik+1

d − ikd)−ω
k
r Lsikq, (10)

vk
q = rsikq +

Ls

Ts
(ik+1

q − ikq)+ω
k
r Lsikd +ω

k
r λm. (11)

Therefore, the discrete-time current model of the motor drive is derived from (10)

and (11), and given as

ik+1
d = ikd +

Ts

Ls
(−rsikd +ω

k
r Lsikq + vk

d), (12)

ik+1
q = ikq +

Ts

Ls
(−rsikq−ω

k
r Lsikd−ω

k
r λm + vk

q). (13)

where ikdq are the measured output state variables at Kth sampling instant; ik+1
dq

are the predicted output state variables at the k+1 sampling period; and vk
dq are

the control input variables that must be selected based on the inverter switching

state. The motor speed is considered constant at several control instances as the

electromechanical time constant of the motor drive is lower than the mechanical

time constant, which shows ωk+1
r ≈ ωk

r [21]. The rotor flux was calculated from

(3c) as saturation or temperature uncertainty may affect performance.
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Table 1: Inverter switching configuration.

Inverter On Legs Voltage Vector Switching States

S1 S3 S5

S2,S4,S6 v0=0 0 0 0

S2,S4,S5 v1=2
3Vdce j 4π

3 0 0 1

S2,S3,S6 v2=2
3Vdce j 2π

3 0 1 0

S2,S3,S5 v3=2
3Vdce jπ 0 1 1

S1,S4,S6 v4=2
3Vdc 1 0 0

S1,S4,S5 v5=2
3Vdce j 5π

3 1 0 1

S1,S3,S6 v6=2
3Vdce j π

3 1 1 0

S1,S3,S5 v7=0 1 1 1

B. Finite Control Set Model Predictive Current Control

MPC approaches have recently been observed in different industrial applications

owing to their rapid dynamic response and efficient control performance

compared with other control mechanisms. The structure of the FCS-MPCC for

the SPMSM drive is shown in Fig. 9. An important part of MPC is the selection

of the cost function to determine the optimal output VV. This is obtained in a

way that minimizes the cost function. The flow diagram of predictive current

controller is depicted in Fig. 10. As ikdq are directly controlled in FCS-MPCC, the

square cost function can be selected as

g = (i∗kd − i∗(k+1)
d )2 +(i∗kq − i∗(k+1)

q )2. (14)

where i∗kdq are the reference current values in the synchronous reference frame.

A speed regulator was employed at the outer loop to generate the quadrature
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reference current i∗kq , while the direct reference current i∗kd was set to zero to

determine maximum torque per ampere control (MTPA). The VV for the motor

drive was selected based on the square cost function. The switching states in

Table. 1 were applied across the inverter, which caused the applied motor phase

current to reach the reference current value in the next sampling period, after the

cost function was minimized [19]. As a result, the predictive current was applied

across the motor drive and operated according to the reference current value.

Given Input

Measure i(k)

Rotor Speed 
Estimation

Predict Varying Kth 
inverter state (12)&(13)

Square Cost function
       equ(14)

K=7

Yes

No

K=K+1

Apply Optimal
Voltage Vector

Wait for next
Sampling period

Figure 10: Flow diagram of current control technique.

The control method of the given MPCC has two main parts. First, it
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determines the optimal output VV that yields the lowest cost index. Second,

it defines the duration of output VV application in the next control period to

minimize the cost index. In two-level three-phase VSIs, there are eight switching

configurations with VVs V0,V1, ...,V7, as shown in Table. 1. In order to find the

optimal output VV, vk
dq should be selected based on the actual phase voltage and

switching equation given in (8) to obtain a predicted current value that reduces the

cost index. It is possible to predict the current value in the next sampling period

utilizing (12-13). As the input control variable vk
dq depends on the rotor speed as

given in (10-11), the discrete state-space model of SPMSM becomes nonlinear.

For sensorless control, shaft speed was estimated using the adaptive mechanism

and applied in MPC. The feasibility of the rotor shaft speed for a given ikdq could

be determined based on the input variable vk
dq with the availability of optimal

output VV. From Table. 1, the possibility of input variable Vk
dq can be obtained

in terms of the inverter input voltage. Once the optimal output VV is selected,

the pulse order for insulated-gate bipolar transistor (IGBT) switches of VSI is

generated.

Reference Model
(Real SPMSM)

Adaptive Mechanism

Adjustable Model

*e
dqv

e
dqi

ˆe
dqi

dqe

ˆrω

ˆ ˆ fe e e ei
p d q q d q

s

kk i i i i e
s L

λ  + − −  
   

Figure 11: SPMSM speed estimation structure based on MRAS.
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C. MRAS-Based Adaptive Estimation

MRAS is an adaptive control system in which the desired performance of the

motor drive is expressed in terms of a reference model, which offers the desired

response to a command signal [22]. The MRAS estimator are built to estimate the

dq axis stator phase current and rotor shaft speed. MRAS is a simple approach

to implement and can reduce the computational processing time. Fig. 11 shows

the MRAS structure for estimating rotor shaft speed. The estimated shaft speed

will track the actual shaft speed based on adaptive rule. Then, the rotor shaft

position was obtained by integrating the estimated shaft speed. According to

MRAS, two models were selected based on their physical meaning. One is the

reference model with definite motor parameters, while the other is an adjustable

model designed based on the fundamental model of a motor drive.

d
dt

 îed
îeq

=

 − rs
Ls

ω̂r

−ω̂r − rs
Ls

 îed
îeq



+

 1
Ls

0 0

0 1
Ls
−λm

Ls




ve
d

ve
q

ω̂r

 . (15)

The current model of the SPMSM contains information on rotor speed as given

in (15), which is used as an adaptable model, while the motor drive itself (5) is

considered as the reference model. Both models have the same physical meaning

with same inputs ve
dq and state outputs iedq. The outputs of the two models were

compared in the adaptation mechanism to estimate the adjustable parameters that

tune the adjustable model, in order to reduce the output error between these

models to zero.

From (5) the state space dq axis current of SPMSM design as reference model
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is given by:

dx
dt

= Ax+Bu (16)

where

x =

 ied
ieq

 ,u =


ve

d

ve
q

ωr

 ,A =

 − rs
Ls

ωr

−ωr − rs
Ls

 ,

B =

 1
Ls

0 0

0 1
Ls

λm
Ls

 .

The state space model of SPMSM based on adjustable model is given as:

dx̂
dt

= Âx̂+Bû (17)

where

x̂ =

 ied
ieq

 , û =


ve

d

ve
q

ω̂r

 , Â =

 − rs
Ls

ω̂r

−ω̂r − rs
Ls

 ,

B =

 1
Ls

0 0

0 1
Ls
−λm

Ls

 .

The adaptive mechanism was designed based on the error signal from the MRAS

approach. In the equation of state, the reference model (5) and adjustable model

(15) are subtracted, and the error is defined as edq = îdq− idq, whereas the speed

error is given as ∆ωr = ω̂r−ωr.

d
dt

ed =− rs

Ls
ed + ω̂req +∆ωriq, (18)

d
dt

eq =−
rs

Ls
eq− ω̂red−∆ωr[id +

λm

Ls
], (19)

21



Figure 12: Poles of feedforwad Linear transfer matrix.

d
dt

 ed

eq

=

 − rs
Ls

ω̂r

−ω̂r − rs
Ls

 ed

eq


+∆ωr

 −iq

id
λm
Ls

 ,

(20)

The error equation is obtained as

d
dt

edq = Ae+W. (21)

where e is the error vector [edq]
T = [edeq]

T , A is the state matrix, and W is the

feedback loop output vector given as:

A =

 − rs
Ls

ω̂r

−ω̂r − rs
Ls

 ,W =

 −iq

id
λm
Ls

∆ωr.
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Compared with adaptive mechanism design based on Lyapunov stability theorem

for which the lyapunov function required using designer’s experience. Popov

stability criterion are more flexible with simple design approach to obtain the

adaptive rule. So compared to conventional adaptive rule design the Popov

stability criterion are employed to determine adaptive law. Based on Popov

criterion the main steps for designing the adaptive rule are: The MRAC system

was transformed into a equivalent system known as nonlinear time-variable

feedback system consisting of the nonlinear feedback system and feed-forward

linear system. The adaptive rule was designed so that the nonlinear feedback

system meets Popov’s integral inequality [22]. Design the remaining part of

adaptive rule which ensure the strictly positive real of feedforward linear model

and transfer the equivalent system to MRAC system. To confirm the stability of

the system, two statements should be fulfilled. First and foremost the feedforward

linear transfer matrix G(s)=[Is−A]−1 should be positive real so that all the poles

of the system are on negative half plane. Next, the feedback nonlinear model

satisfy the adherent Popov’s criterion for stability [23]. The transformation of

the MRAS system into the equivalent model is shown in Figure 13. The poles

of feedforward linear transfer matrix are shown in Figure 12 for the speed range

from -1200 to 1200rpm. The Figure 12 demonstrate that all the poles are placed

on negative half plane this ensure, that the first condition for the stability of the

system is satisfied.
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Figure 13: Structure of nonlinear feedback system.

The nonlinear feedback model can be written in form of Popov’s integral

inequality as [24]

η(0, t0) =
∫ t0

0
eTWdt ≥−γ

2
0 , (22)

where t0 ≥ 0 and γ0 is a real positive constant independent of t0. By the

conventional form of the adaptive rule, the PI adaptive mechanism is written as

[25]

ω̂r =
∫ t

0
F1(t)dt +F2(t)+ ω̂r(0). (23)

By substituting the value of W, the inequality equation (22) becomes

η(0, t0) =
∫ t0

0
[ed(iq)+ [eq(−id−

λm

Ls
)]]∆ωrdt ≥−γ

2
0 . (24)
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By utilizing (23), the system becomes

η(0, t0) =
∫ t0

0
[[ed(iq)+ [eq(−id−

λm

Ls
)]]

[
∫ t

0
F1(t)dt +F2(t)+ ω̂r(0)−ωr]]dt ≥−γ

2
0

(25)

The above equation is further simplified by splitting it into two parts, given as

η11(0, t0) =
∫ t0

0
[[ed(iq)+ [eq(−id−

λm

Ls
)]]

[
∫ t0

0
F1(t)+ ω̂r(0)−ωr]]dt ≥−γ

2
11,

(26)

η12(0, t0) =
∫ t0

0
[[ed(iq)+ [eq(−id−

λm

Ls
)]]

[F2(t)]]dt ≥−γ
2
12,

(27)

where η(0, t0) = η11(0, t0)+η12(0, t0). By utilizing the Landau relation [26], the

solution of abovementioned inequality can be found.∫ t0

0
kF(t)

dF(t)
dt

=
k
2
[F2

t0 −F2
0 ]≥

−k
2

f 2
(0)

(k > 0).
(28)

From above relation (28), the estimated rotor shaft speed satisfies following laws

[27]. Consider (26).

dF(t)
dt

= [ed(iq)+ [eq(−id−
λm

Ls
)]], (29)

kF(t) = [
∫ t0

0
F1(t)dt + ω̂r(0)−ωr], (30)

taking the derivative of (30) we get

k
dF(t)

dt
= F1(t), (31)
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from (29), we obtained F1(t) as

F1(t) = k1[ed(iq)+ [eq(−id−
λm

Ls
)]]. (32)

Similarly solving for F2(t), we get

F2(t) = k2[ed(iq)+ [eq(−id−
λm

Ls
)]]. (33)

Substituting (32)-(33) in (23), we get the inequality equation (25) in the form of a

simplified adaptive rule, where k1 and k2 are the positive gains. From Popov’s

integral inequality theory, we found that when the time approaches infinity,

the error will be reduced to zero. Therefore, the adaptive rule(23) for speed

estimation based on adaptive observer is asymptotically stable. The estimated

shaft speed was obtained from the adaptation mechanism by utilizing the output

variable iedq of the motor reference and adjustable model; there are errors, as

shown in Fig. 11. Finally, the adaptive rule as PI regulator is obtained as

ω̂r = ω̂r(0)+Ki

∫ t

0
[ed(iq)+ [eq(−id−

λm

Ls
)]]dt

+Kp[ed(iq)+ [eq(−id−
λm

Ls
)]]

(34)

where Kp and Ki are the speed estimation positive gain value, and ω̂r(0) is the

initial estimated shaft speed. After solving (34), the rotor shaft speed can be

estimated as

ω̂r =
[

Kp +
Ki
s

][
id îq− iq îd− λm

Ls
eq

]
+ ω̂r0 (35)

Once the shaft speed is estimated, the shaft position angle can be derived by

integration of the estimated shaft speed given as

θ̂r =
∫ t

0
ω̂rdt (36)
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The overall sensorless speed control of the proposed approach is shown in Fig. 14.

The model was made in Matlab for verification of the proposed method and

the feasibility of attaining the desired dynamic response under variable loading

conditions. For evaluation the performance of proposed sensorless speed control

design, a series of simulations and measurement have been carried out. The

dynamic response of design algorithm is evaluated at wide speed range under

the transient conditions.
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Figure 14: Sensorless speed control scheme based on MRAS utilizing FCS-MPCC.
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IV. Results and Discussion

A. Simulation Results

Simulation of the proposed algorithm was carried out utilizing the SPMSM to

verify the sensorless operation. The block diagram of the control scheme is

shown in Fig. 14. The simulation parameters of the motor drive are listed in

Table 2. The optimal PI gain values for speed regulator is given. The outer speed

regulator regulates the speed by adjusting the current that passes through the

motor as this modifies the torque which in end modifies the speed. The outer

speed control loop was utilized to provide i∗kq , while the direct reference i∗kd

current was considered as zero. MPCC was utilized to generate the switching

pulses for IGBT switches of VSI that determine the shape of the output voltage

across the motor. The voltage was then applied to the adjustable model for

the estimation algorithm. The measured current from the reference model and

estimated current from the adjustable model were used to obtain the estimated

speed signal. As MPCC is model-dependent, saturation or temperature variations

may affect the dynamic response of the motor. The speed utilized in MPCC was

estimated from the adaptive mechanism, and the flux used was based on (3c).

Based on the aforementioned equation of state (15), the mathematical model

of the defined sensorless control algorithm was modeled in Matlab/Simulink.

The model consists of three phase-two level six-switch inverters, dq-coordinate

transformation, automatic speed regulator, predictive model controller, and

adaptive observer. The adjustable model was continuously updated according

to stator phase current estimates utilizing the adaptive mechanism. Modelling

of proposed sensorless design is shown in Fig. 15. To show the effectiveness

of proposed design, the design algorithm is compared with conventional MRAS
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(a) Control Design (b) Current Controller

(c) Sensorless Speed design

Figure 15: Modelling of Proposed Design.

sensorless speed control with same parameter values as given in Table 2. The

comparison results are shown in Fig. 16-24. Initially at low speed range from

180rpm to 360rpm is tested and shown in Fig. 16-17 The total simulation time is

2s. At low speed the steady state errors are obvious in traditional control design

while the proposed design shows good response with no steady-state error and

and convergence rate is fast in contrast to conventional design. After low speed

29



Table 2: Simulation Parameters of SPMSM.

Parameter Value

Ts 1 µs

Stator resistance(Rs) 2.875Ω

Stator inductance(Ls) 8.5 mH

Moment of inertia(J) 0.0008 kgm2

Flux 0.175 Wb

Poles Pairs (p) 4

Vdc 500 v

Kps/Kis 30/4

the control design is tested for variable speed from 0 to 1200 rpm. The reference

shaft speed changes from 0 rpm to 400 rpm at 0.1 s under the 2 Nm load torque.

The load torque changes from 2 Nm to 5 Nm at 0.6s. under the load changes the

tracking of estimated speed to actual speed is fast with no overshoot and steady

state error in the design approach as compared to conventional sensorless speed

control. The ripples across the torque is tremendously reduce in the proposed

design. With utilizing MPCC the harmonic distortion across the phase current

is reduced as compared to conventional PI current controller, the comparison of

harmonic distortion under the various speed and load is shown.
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Figure 16: Low speed sensorless control based on conventional MRAS technique.

Figure 17: Low speed sensorless control based on proposed MRAS technique.

31



Figure 18: Sensorless speed response based on conventional MRAS technique.

Figure 19: Sensorless speed response based on proposed MRAS technique.
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Figure 20: Torque response based on conventional MRAS technique.

Figure 21: Torque response based on proposed MRAS technique.
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Figure 22: Motor phase current based on conventional MRAS technique.

Figure 23: Motor phase current based on proposed MRAS technique.
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Figure 24: Harmonic distortion of proposed and conventional sensorless control.

The experiment has been carried out to verify the speed control at wide

speed operation range.The overall speed response of design approach is shown

in Fig. 25. Initially, a 5 Nm torque was applied to SPMSM. The tracking

performance of the shaft speed response is quite good and fast. The estimated

speed tracked the reference and actual speed quickly with minimum speed

tracking error, as shown in Fig. 26. Under the loading condition, the motor

showed excellent performance and fast dynamic response. At 1.1 s, the maximum

speed of 1200 rpm was applied; and under the load, the estimated and actual

speed reached the reference speed in 0.02 s. Similarly from the maximum

negative speed to the positive speed region the controller take 0.074s.
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Figure 25: Estimated and real rotor shaft speed under different speed reference.

ˆr rω ω−

Figure 26: Speed error of sensorless algorithm.
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Figure 27: Estimated and real rotor shaft position.

ˆ
r rθ θ−

Figure 28: Position error of sensorless algorithm.

The steady-state performance of the system is stable with excellent

performance at wide speed range operation. The estimated rotor shaft position

obtained from the integration of the estimated shaft speed is shown in Fig. 27

along with the actual rotor position. The shaft position error signal is shown
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in Fig. 28. Simulation results show that the shaft estimated position converged

to the measured position very quickly. The instantaneous torque for encoder-

less control of SPMSM is shown in Fig. 29. Under the loading condition, the

tracking performance of the system was fast. At 0.6s when the load torque

of 12Nm was applied. The results show that the torque reached to the rated

value in 0.60126 s. The ripple across the torque was minimized with improved

steady-state performance. The calculated flux is shown in Fig. 30 with minimum

distortion under the loading condition.

Figure 29: Torque response of SPMSM.
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Figure 30: Flux response of SPMSM.

Figure 31: Three-phase motor current response.
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Figure 32: D-axis estimated and measured currents and error.

Figure 33: Q-axis estimated and measured currents and error.

The current response of the motor drive is shown in Fig. 31. It can be seen

that the ripple across the three-phase currents were significantly reduced at wide

speed range operation under the model predictive control mechanism. The dq-

axis measured and estimated currents, and their errors are shown in Fig. 32
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and 33. The MPCC showed fast tracking performance of the reference current

to the measured current based on a prediction mechanism using optimal VV.

The dq current response of the reference and adjustable is accurate with minimal

steady-state error. The results verified that the proposed sensorless speed control

algorithm can attain steady-state performance. Moreover, the overall dynamic

response of motor drive is fast and robust.
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V. CONCLUSION

The aim of the paper is to design a nonlinear current controller along side with

adoptive mechanism to achieve efficient and dynamic sensorless speed control

performance of SPMSM.

Based on traditional PI current controller the sensorless speed control design

is modelled and implemented and at various speed and load condition the

response of the motor derive is observed. Due to cascaded design the conventional

PI current controller are very sensitive to parameter variation along with reference

speed and load disturbance. The PI gain values are selected such that closed

loop bandwidth is larger than the speed bandwidth. Due to these limitations the

response of motor derive at low speed has steady state error with increase in rise

time at high speed.

An MRAS based on FCS-MPCC was developed and implemented. The

proposed algorithm is designed to enhance the encoder-less speed control

performance of SPMSM under wide speed operation range, and reduce ripples

across the current and torque under transient conditions. The proposed control

design has better adaptability from the start, the speed and load torque variation of

SPMSM. The steady-state performance of the sensorless speed control algorithm

was proved by its fast dynamic response. The control performance of the

developed scheme was verified through simulation under transient conditions.

The response time of the system is very fast. The numerical analysis confirmed

the feasibility and efficacy of the proposed adaptive control algorithm, and

the simulation results verified the performance of the designed model. From

the simulation results, we concluded that the proposed MRAS based on FCS-

MPCC has fast dynamic response, is stable under various loading conditions,
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and demonstrates the robustness of sensorless control. Furthermore, the steps

of designing the controller based on Popov criterion doen’t required expert

experience and the adaptive law is by changing the function satisfying Popov’s

integral inequality. To summarize the analysis of proposed design following

statement are observed.

• Reduce steady-state error and increase robustness.

• Effectively estimate the shaft speed and position.

• The reverse speed estimate do not require special design problem like speed

sign computation near zero speed as compared to other sensorless control

design.

• Minimize the harmonic distortion across the motor phase current.

• Achieve very fast current and torque response with short transient period.

• The convergence rate to desire speed reference is fast and accurate.

• Eliminate the need of cascaded linear controller that are sensitive to

parameter perturbation.

• Increase the efficiency of the system and reduce system computational

complexity.

• With Popov’s stability criterion the proposed design is verified.

• The proposed hybrid control design is efficient for sensorless speed control

and improve the system reliablity and increase robustness.
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A Appendix

In this appendix the proof for the stability of feed-forward transfer function of

the dynamic system is derived.

For the stability the feed-forward transfer function of the system is strictly

lemma positive real [25]. the transfer function from state space form of dynamic

system (2) is written as

Gs =C[Is−A]−1B+D. (A.1)

where (A,C) is observable and (A,B) is controllable, as A is the square matrix also

called stable matrix(or sometime a Hurwitz matrix) if the eigenvalues of A has

negative real part, then the dynamic of the system has a hurwitz transfer function

and makes G(s) stable. To show the stability of transfer function the set of three

equation must be satisfied that are given as [31]:
AT P+AP =−LT L.

PB =CT −LTW.

W TW = D+DT .

(A.2)

if the above mentioned equations are satisfied then G(s) is equivalent to Lemma

Positive real.

G(s)+G(s∗)T ≥ 0. (A.3)

Let write [Is−A]−1 = φ(s), so (A.3) can rewrite as:

Cφ(s)B+D+DT +CT
φ(s∗)T BT . (A.4)

from (A.2) equation become

Cφ(s)B+W TW +CT
φ(s∗)T BT . (A.5)
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so from (A.2)

Cφ(s)B+W TW +[PB+LTW ]φ(s∗)T BT . (A.6)

Cφ(s)B+W TW +PBφ(s∗)T BT +LTWφ(s∗)T BT . (A.7)

now for c as C = PT BT +LW T

PT BT
φ(s)B+LW T

φ(s)B+W TW +PBφ(s∗)T BT +LTWφ(s∗)T BT . (A.8)

as P is symmetric matrix so P = PT so we get PT BT φ(s)B + PBφ(s∗)T BT by

simplification

BT
φ(s∗)T [P(Is−A)]φ(s)B+B[P(Is−A)−1]φ(s∗)T BT

φ(s). (A.9)

BT Bφ(s∗)T
φ(s)[(s+ s∗)P−AP−AT P]. (A.10)

now

BT Bφ(s∗)T
φ(s)[(s+ s∗)P)+LT L]. (A.11)

BT Bφ(s∗)T
φ(s)(s+ s∗)P+LT LBT Bφ(s∗)T

φ(s). (A.12)

put it in (A.8)

BT Bφ(s∗)T
φ(s)(s+ s∗)P+LW T

φ(s)B+W TW +LT LBT Bφ(s∗)T
φ(s)+LTWφ(s∗)T BT .

(A.13)

G(s)+G(s∗)T =BT Bφ(s∗)T
φ(s)(s+ s∗)P︸ ︷︷ ︸

P is positive symmetric matrix

+(W T +LT
φ(s∗)T BT )(W +Lφ(s)B)︸ ︷︷ ︸

square matrix and always positive

.

(A.14)

So G(s) is positive real. (A.15)

so

G(s)+G(s∗)T ≥ 0. (A.16)
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for all Re|s| ≥ 0

by this derivation the transfer function is strictly lemma positive real.
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