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Abstract. Vector field oriented control (VFOC) of permanent magnet synchronous
motor (PMSM) drive requires accurate velocity information sensed by a speed or
position sensor attached to the rotor. Nowadays, sensorless control is adopted in
many industrial applications for reasons of robustness, cost, cabling and reliability.
This paper presents a novel sensorless control strategy and initial rotor position
estimation for a salient-pole permanent-magnet synchronous motor (IPMSM).
Model reference adaptive system (MRAS) technique has been used for speed
estimation in sensorless speed control of IPMSM with space vector pulse width
modulation (SVPWM). The MRAS technique is simple and it requires less
computation time. The stability of the proposed speed estimation technique is
achieved through Popov’s hyperstability criteria. The initial rotor position is
estimated by a suitable sequence of voltage pulses intermittently applied to the
stator windings at standstill and the measurement of the peak current values. To
illustrate our work, we present experimental results for an IPMSM obtained on a
floating point digital signal processor (DSP) TMS320F240 based control system.
Experimental results show that the MRAS technique speed estimation provides high
performance sensorless control of IPMSM drive.
Keywords. Interior permanent magnet synchronous motor (IPMSM), vector field
oriented control (VFOC), space vector pulse width modulation (SVPWM),
sensorless control, model reference adaptive system (MRAS), initial rotor position
detection, digital signal processor (DSP).

Nomenclature:
d −q
iα , iβ
id , iq
vd , vq

Synchronous axis reference frame quantities.
Stator α and β axis currents.
Stator d and q axis currents.
Stator d and q axis voltages.
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d , d

Stator d and q axis flux linkages.

Ld , Lq

Stator d and q axis inductances.

Ke

Back-EMF coefficient constant.
Peak permanent magnet flux.

ˆ m
Rs
J
B
Np
ωr , θ
Ωr

Stator resistance.
Total rotor inertia.
Viscous friction coefficient.
Number of the pole pairs.
Electrical speed and rotor position.
Mechanical rotor speed.

Te , Tl
p
Ts
Tsw
* ^
,
Ki_Ω and Kp_Ω

Electromagnetic torque and load torque.
Laplace variable.
Sampling period.
Switching period.
Reference and estimated value.
Integral and proportional (IP) speed controller.

Ki_id and Kp_id
Ki_iq and Kp_iq
Kωr i _ est and Kωr p _ est

Integral and proportional (PI) d-axis current controller.
Integral and proportional (PI) q-axis current controller.
Integral and proportional (PI) speed observer controller.

Tsh
TL

Short time voltage pulses.
Long time voltage pulses.

1. Introduction
Nowadays, permanent magnet synchronous motor (PMSM) has been widely used in
high performance variable speed in many industrial applications, due to its high
efficiency, high ratio of torque-to-inertia ratio, high power factor, faster response and
rugged construction. The PMSM has increasingly been used in electrical vehicles,
aircraft, nuclear power stations, submarines, robotic applications, medical and
industrial servo drives. The VFOC is one of the most popular schemes for high
performance of PMSM drive control, it is used to control the magnitude of stator and
rotor flux and their mutual angle. In order to have a decoupling control between
magnetic field and electromagnetic torque, the angle between stator and rotor field
should be kept at 90°. Therefore, the d axis reference current is taken as zero
( id  0 ). This allows direct control of the flux and torque, in the same manner of an
excited DC motor and thus achieves fast dynamic response and high performance.
The IPMSM is primarily associated with high performance motor control and is fed
by a voltage source inverter (Fig. 1) using SVPWM voltage source inverters (VSI)
technique. The presence within electrical drives of rotor speed and position sensors
represents a disadvantage under economical aspect because it determines a cost
increase, temperature sensitivity and reliability decrease. To overcome these
problems, during the last years, there has been considerable interest in sensorless
vector control of PMSM drive [1]. A number of sensorless control methods have been
proposed in the literature for PMSM [1-16].
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Many researchers use the extended Kalman filter EKF technique to estimate the speed
and rotor position of the PMSM. Some authors use the dynamic model of the PMSM
in d − q axis in the synchronous reference frame fixed to the rotor [2-6] and others
use the PMSM model in the α − β axis in the stationary reference frame fixed to the
stator [7]. It is well known that EKF method is less sensitive to the unknown
measurement noise, but requires a long computational time due especially to the huge
matrix operations. In [6] the model reference adaptive system (MRAS) was compared
with EKF technique and the results confirm that MRAS method is much simpler and
faster, but the estimated state of the system is noisier and less precise. Previous
methods to estimate the rotor position of permanent magnetic PMSM suffer from the
motor parameter variation. In order to overcome this problem, an estimate rotor
position of PMSM based on the two sliding mode-based (SMO) have been proposed
in [8]. SMO used the estimated speed to correct a stator current observer the
correction is based on a sliding mode surface that combines the current error with
back EMF estimation. These observers estimate the rotor position and speed from the
stator currents and the DC-link voltage measurements. The first observer uses the
α − β stator reference, while the second observer uses an estimated d − q rotor
reference. Other methods are based on high carrier-frequency injection (CFI)
technique where the signal is superimposed into the fundamental phase voltages [910]. This CFI method gives an information about the rotor position even at very low
and zero speed operation due to the electric saliency of the motor. In most cases, the
injection signal is a sinusoidal voltage, and the frequency range is 500 Hz. Thus, this
may cause acoustic noise, a motor current distortion, torque pulsation and undesirable
side effects such as large harmonic losses. The last techniques vector control
sensorless PMSM are based on MRAS method [11-19]. In [11], [12], an instantaneous
reactive power is used for rotor speed estimation. The advantages of this method are
characterized by its independence of stator resistance and are less parameter sensitive
of the PMSM. Most observers depend on motor parameters which vary according to
temperature. In order to overcome this problem, an on-line parameter identification
using adaptive algorithm was proposed in [13]. In [14-17] the authors use the stator
currents to estimate the rotor speed and position using MRAS based adaptive strategy
applied to non-salient PMSM. Therefore, sensorless methods are widely used to
estimate speed and rotor position. Several sensorless techniques are preferred to
medium and high speed but are not suitable at standstill. If the PMSM is started
without knowing the initial rotor position of the motor, the application of rotating
field at an arbitrary position may be accompanied with a temporary reverse rotation of
rotor which may lead a starting failure [23-26].
By comparing the methods developed previously in the literature, we can notice that
the MRAS technique is one of the best methods to be applied to estimate the rotor
speed and position due to its performance in term of consumption less computational
time, to its easy implementation in DSP and to its straight forward stability approach.
Therefore, in this paper, we propose a MRAS based adaptive speed estimation for
sensorless vector control of IPMSM drive with SVPWM. Stability analysis and
design of the MRAS estimators have been performed for a IPMSM error model in a
synchronous rotating reference frame fixed to the estimated stator d − q axis stator
currents. The adaptation mechanism is done by using the error between the measured
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and the estimated stator currents. The rotor position can be estimated through a PI
controller that controls the speed tuning signal to zero. The stability of the proposed
system is guaranteed by the Popov's hyperstability theory. The convergence of the
estimated rotor speed and position is guaranteed. At standstill, we propose a new
approach to detect the initial rotor position. Short voltage pulses are applied to the
stator winding and the initial rotor position is estimated from the measured peak
current. The sensorless control approach with initial rotor position estimation of
IPMSM drive is applied through in Matlab-Simulink environment and dSpace DS
1103 controller board.

2. Dynamic model of IPMSM
A simplified schematic three phase IPMSM drive fed by voltage source inverter (VSI)
controlled by SVPWM technique is shown in Fig. 1. The power circuit of a threephase VSI is shown in Fig. 1, where va , vb and vc are the output voltages applied to
the star-connected IPMSM windings and VDC is the DC voltage input inverter. T1
through T6 are the six IGBT components power module those shape the output,
which are controlled by switching signals C1 to C6 .
α
T1
C1

T2
C2

a

T3
Axis q

C3

θ

ia

VDC
T4
C4

T5
C5

β

T6
C6

ib

b

Axis d

N
S

ic

c

Figure 1. Voltage source inverter fed IPMSM.
Let we develop the state space model of the IPMSM expressed in the synchronous
reference frame. The d  q axis stator flux linkages in the synchronous reference
frame can be expressed as follows.
(1)
Φ=
Ld id + K e
d
Φ q =Lqiq

(2)

The d  q axis voltage equations in the synchronous reference frame may be expressed
as:
vd =
Rsid + Ld

did
− Lqiqωr
dt

(3)
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vq =Rsiq + Lq

diq
dt

+ ( Ld id + K e ) ωr

(4)

The electromagnetic torque developed by the motor is:
Te  N p  Ld  Lq  id iq  K eiq 

(5)

3. Dead-time compensation
In order to compensate the inverter non-linearity to the ideal reference voltage
components in stationary reference frame a compensation signal is added. Voltage
drops across power switches in the inverter reduce the terminal voltage seen by
motor. At low and high speeds, it is widely known that the dead time causes the
fundamental and harmonic distortions of machine currents and voltages. The error in
the voltage vector caused by neglecting the forward voltage drop is discussed in [23]
is shown that the error voltage vector of the three inverter legs can be represented by:

2
(6)
V fvd= Vth sgn(ia ) + α *sgn(ib ) + α 2 *sgn(ic ) 
3
where α = e j 2π /3
From equation (6), it is seen that the voltage error vector only depends on the polarity
of the three-phase currents. Hence, for the purpose of compensating the error vector,
only the polarities of the three phase currents are needed. There is a time in each
switching cycle where both the high and low side switches in the same leg of the
inverter are off and the current flow is through diodes. This is known as the dead-time
which is inserted into the gate signal of the switch that is to be turned on to avoid
direct short circuit across the DC bus voltage source. This dead-time delay causes a
change in and distortion of the stator voltage vector applied to the motor. The deadtime error vector between the expected output and actual voltage vector between the
expected output and actual voltage vector is given by (7) for different directions of the
current vector. This error can be compensated by detecting the polarity of the output
current.

2
(7)
V=
Vdead sgn(ia ) + α *sgn(ib ) + α 2 *sgn(ic ) 
dt
3
where
Tdead + Ton − Toff
Vsat + V f
(8)
=
Vdead
VDC − Vsat + V f ) +
(
TsPWM
2
where Tdead , Ton , Toff , Vsat , V f are dead time, turn-on time, turn-off time, ON-state
voltage drop of the switch and forward voltage drop of the diode respectively. Finally,

the stator voltage Vα , β used by the observer is given by:



(9)
Vα=
Vref − Vdt
,β
The compensation in (9) must be made to the reference voltage vector for more
accurate observation.
4. Initial rotor position estimation
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In order to achieve correct operation from startup of sensorless IPMSM, the initial
rotor position of the motor is required [24-25]. This paper presents a new approach to
an improved initial rotor position detection of a IPMSM. With a three-phase inverter
legs, we applied three voltage pulses U1, U2, and U3. We used a DSP to generate these
pulses to the inputs of power transistors. To apply the voltage pulses we used the
configurations of the winding connection presented in Fig. 2.
C2

Ia peak

C3

C1

VDC

Ib peak

C3

C1

Ic peak

C2

VDC

VDC

C4

C5

C1

C5

C6

Gate Drives

C4

IPMSM

C6

C2

C6

Gate Drives

(a)

IPMSM

C3

C4

C5

Gate Drives

(b)

IPMSM

(c)

Figure. 2. Three possible switching sequences for three-phase IPMSM.
By applying the voltage vector U1 ( C1 C 2 C 3 ), the current response of the a phase is
dependent on the initial rotor position θ 0 , and can be written as:
(10)
I a= I 0 + ∆I a= I 0 + ∆I 0 cos(2θ 0 )
with I0 = (1/3)(Ia + Ib + Ic) : dc current component
ΔI0: amplitude of offset value.
In the same way, the expressions of the currents that correspond to the voltage vectors
U2 ( C1 C 2 C 3 ) and U3 ( C1 C 2 C 3 ) are expressed by:
2π 


 I b= I 0 + ∆I b= I 0 + ∆I 0 cos  2θ 0 − 3 




2
π


 I = I + ∆I = I + ∆I cos 2θ +
 0

c
0
0
 c 0
3 


(11)

The expression of the rotor position estimation can be written as:

( I a − Ib ) =
( I a − Ib )
tg ( 2θ 0 ) =
− 3
3
2I a − Ib − Ic
2I a − Ib − Ic

(12)

We can notice that a monotonous function permits to replace the stator currents by
their respective difference ∆Ia, ∆Ib, and ∆Ic. Applying the first-order approximation to
equation (11), we get the expression of the initial rotor position estimation [24].
=
θ0

(

)

∆I a − ∆I b
3
=
or θ 0
2 2∆I a − ∆I b − ∆I c

(

)

3

(

( ∆I a − ∆Ib )

2 2∆I a − ∆I b − ∆I c

)

+π

(13)

According to the equation (13), there are two values of rotor position because of two
solutions. This problem will also be addressed and a solution is proposed. The
proposed method is based on the sign of the peaks and the current differences peaks.
If the duration of voltage pulses is low, the total magnet flux not saturates the
magnetic circuit. The currents peaks of the stator phases Ia, Ib and Ic can be used to
plot the phase current differences ΔIa, ΔIb and ΔIc as function of the rotor position.
Fig. 3 shows the experimental results of the peak current differences for each phase.
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Figure 3. The measured difference of current peaks.
According to the Fig. 3, it is possible to detect the initial rotor position with precision
within 15° electric degrees. Its periodicity is two times of electrical angle, therefore,
there are two possible values. To remove this ambiguity, we propose a method
permitting to make a discrimination of the two values of the initial rotor position. A
long time voltage pulse is necessary to distinguish the North pole from the South pole
magnet position. This large voltage pulse is necessary to distinguish the North pole
from the South pole as will be shown later in this section [26]. This method explores
only the magnetic saturation and not the spatial saliency of the IPMSM. The currents
peaks imposed into the motor are large enough to change the saturation state of the
magnetic circuit. If the magnet flux is in the same direction to the one generated by
the current pulse, we get an additive flux and therefore a large peak current. In the
opposite case, we obtain a decreasing field. While making a synthesis of this approach
to distinguish the North magnetic pole between θ 0 and θ 0 + 180° electric degrees, we
obtain the following table:
Table 1: Discrimination of the initial rotor position look-up table
Voltage pulse
Peak value of the
Location of the initial
current
position
-60° < θ 0 < 60°
I a > Ib , I a > Ic
U1 C1C2C3
U2
U3

(
)
(C C C )
(C C C )
1

2

3

Ib > I a , Ib > Ic

60° < θ 0 < 180°

1

2

3

Ic > Ib , Ic > I a

180° < θ 0 < 360°

The saturation is reached for voltage pulse time duration of 700 μs, and the current
peak is approximately twice the nominal current. Therefore, a high peak current is
needed to distinguish the North pole from the South pole. The duration of the voltage
vector is 700 μs, although the constant time of the motor is about 6.8 ms. A high
current is needed to distinguish the North pole from the South pole.
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S1

S2

S3

Figure 4. Magnetic pole location.
According to the Fig. 4, we can deduce that the values of the peak current in the
saturated condition are in concordance with the Table 1. Indeed, while comparing the
peak values of the currents in magnetic saturation, we can overcome the ambiguity on
the estimated initial rotor position.
Table 2: Table of initial sector detection.
Initial rotor position ( θ 0 ° )

Initial sector
Sector1
Sector2
Sector3
Sector4
Sector5
Sector6

∈ [0° 60°]
∈ [60°120°]
∈ [120° 180°]
∈ [180° 240°]
∈ [240° 300°]
∈ [300° 360°]

Vi
V1
V2
V3
V4
V5
V6

In the case of IPMS motors drive fed by VSI controlled by SVPWM technique, the
starting from an unknown initial sector may be accompanied by a temporary reverse
rotation or may cause a starting failure. Consequently, the knowledge of these inverter
states is necessary for sensorless position detection at standstill. Table 2 gives the
correspondence between the initial rotor position and the initial sector in the six
inverter states.
5. Structure of the proposed MRAS technique
The MRAS estimators are designed to estimate the stator d  q axis currents and the
rotor speed. The main idea behind MRAS method is that there is a reference model
and an adjustable model where the first one is used to determine the required states
and the second one as an adaptive model provides the estimated values of the states.
The output of the reference model is compared with an adjustable observer-based
model. The error obtained between the reference and adjustable model is given to an
adaptation mechanism which adjusts the adaptive model by generating the estimated
value of the rotor speed. This strategy allows us to estimate stator currents to
converge to the measurement values.
From (3) and (4) the state space d  q axis stator currents of IPMSM designed as
reference model is given by:
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d
 X  =  A X  + B U  + C 
dt          
 1
 −
id 

 τd
where
,
A
=
[ X ] =
[
]

 Ld
 iq 
 − ωr
 Lq

(14)
Lq
Ld



ωr 

 , [ B]
=
1 
−

τ q 

1
L
 d

 0



0
 0 
vd 
 K

 ,[U ]  =
,
C
=
[
]
 
 − e ωr 
1
 vq 
 Lq 

Lq 

The state space d  q axis stator currents of IPMSM designed as adjustable model is
given by:
d   ˆ
X̂ = A  X  + B U  + Cˆ 
dt           
Lq 
 1
1
ωˆ r 
 −

îd 
τ
L
d
d


where  X̂  =   ,  Â =
, [ B ] =  Ld


Ld
1

 îq 
 − ωˆ r −

 0
τ q 
 Lq

where Ld , Lq , τ d , τ q , K e are considered as constant.

(15)

 0 
0
vd  ˆ
 =  Ke 
 , [U ] =   , C
   − ωˆ r 
1
 vq 
 Lq 

Lq 

After developing adjustable and reference models, the adaptation mechanism will be
built for MRAS method. The adaptation mechanism is designed in a way to generate
the value of estimated speed used so as to minimize the error between the estimated
and reference d  q axis stator currents. By adjusting the estimated rotational speed,
the error between the reference and the estimated d − q axis stator currents from (15)
is reduced. The error between the estimated and reference d − q axis stator currents
are defined as:
(16)
ε d= id − iˆd , ε q= iq − iˆq
The value of the rotor speed error is given as:
ˆr
∆ω=
r ωr − ω

(17)

The state currents error component is:
 dε d 
 dt 


=
 dε q 
 dt 

 1
 −
 τd
 Ld
 − ωr
 Lq

Lq


iq


ε
L


d
. d + 
 ∆ω
 
r
Ke 
1  ε q   Ld
−

 − id −

τ q 
Lq 
 Lq
Lq

Ld



ωr 

(18)

Using equation (18), the state error model of the IPMSM expressed in the
d  q synchronous reference frame is given as follow:
d
(19)
=
[ε ] [ A∆ ][ε ] + [W ]
dt
T

where ε  = ε d ε q  is the error state vector, [ A∆ ] is the state matrix and [W ] is the
output vector of the feedback block defined as follow:
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Lq
Lq 


 1
iq
ωr 


 −
L
L
τ
d
d
d
 ∆ω
 . [W ] 
=
[ A∆ ] =  L
r
 Ld
Ke 
1 
d
−
−
−
−
i
ω




d
r
Lq 
τ q 
 Lq
 Lq

According to [17], to ensure the hyperstability of the system can be achieved, two
criterions must be established. Firstly, the linear time-invariant forward path transfer
matrix, H(
=
p)

( p I  −  A∆ )

−1

must be strictly positive real and secondly, the

nonlinear feedback (which includes the adaptation mechanism) must satisfies the
following Popov’s criterion for stability.

∫ [ε ] [W ] dt ≥ −γ
t0

T

2

(20)

0

where t0 ≥ 0, γ is a finite positive real constant, which is independent of t0
By using the Popov's theory, we obtain: lim = ε ( ∞ )  = 0 and therefore, the system
t →∞
T

of the MRAS speed estimation is asymptotically stable. Finally, from (19), we can
conclude that the observed rotor speed satisfies the following adaptation laws:
1
A1 + A2
p

=
ωˆ r

(21)
 Lq

L
L
L
K 
K 
iqε d − ε q  d id + e   ; A2= K 2  q iqε d − ε q  d id + e   , K1 and


Lq  
Lq  
 Ld
 Ld
 Lq
 Lq

where A1= K1 

K 2 are the positive adaptation gains.
The speed tuning signal is minimized by PI controller which generates the estimated
rotor speed and is fed back to the adaptive model as shown in Fig. 5. The rotor
estimated speed is generated from the adaptation mechanism using the error between
the estimated and reference currents obtained by the model as follows:
t
L

L

L
K
L
K
=
ωˆ r K iωr _ est ∫  q iqε d − d id ε q − e ε q .dt + K pωr _ est . q iqε d − d id ε q − e ε q  + ωˆ r (0) (22)
L


Lq
Lq 
Lq
Lq 
0 d
 Ld
where K iω _ est and K pω _ est are the PI speed observer controller and ωˆ r ( 0 ) is the
r

r

initial estimated speed.
Finally the estimated rotor position is obtained by integrating the estimated rotor
speed.

=
θˆ

t

∫ ωˆ dt +θ
r

0

(23)

0

where θ 0 is the initial rotor position estimated by the algorithm described in section 4.
The estimating performance of rotor speed is designed only by the PI coefficients.
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Figure 5. Sensorless VFOC IPMSM drive using MRAS technique.
The proposed SVPWM using MRAS based speed estimation for sensorless field
oriented control of IPMSM drive is shown in Fig. 5. From the IPMSM described
below, we carried out using Matlab-Simulink to simulate VFOC sensorless speed
control taking into account the decoupling stator vector components.
6. Real-time implementation
The experiments presented in this work have been carried out with a DSP board. A
DSP is a type of microprocessor that has been designed specially to implement the
algorithms required to process signals digitally. These algorithms are characterized by
repetitive mathematical computation at high-speed, similar to this application where
the mathematically intensive VFOC and SVM algorithms must be run within every
150 μs sampling period Ts. The system is based on Motorola Power PC604, the DSP
subsystem, based on the Texas Instruments TMS320F240 DSP fixed-point processor,
the DSP provides 3-phase SVPWM generation making the subsystem useful for drive
applications. Two LEMs current sensors (LEM LA 100P) are used to measure the
phase current.
7.

Experimental results

The model used for SVPWM sensorless VFOC for an IPMSM drive is implemented
using dSpace DS1103 and Matlab-Simulink environment. The carrier frequency of
SVPWM waveform used in the experimentation is 14 KHz with a dead time of 2 μs
( Tdead ). In order to verify the effectiveness and the dynamic performances of the
proposed sensorless algorithm, many experimental tests have been carried out (Fig. 6
and Fig. 7).
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Ω* r
Ωr

Ω̂ r

a) Estimated and measured speed.

b) Electromagnetic torque.
θˆ

θ

θ − θˆ

c) Position error.

e) Estimated and measured q-axis
currents.

d) Estimated and measured electrical
position.

f) Phase currents ia, ib and ic.

Figure 6. Experimental results with speed reference of 800 rpm under 100% rated
load condition.
Fig. 6 illustrates the speed, electromagnetic torque, electrical position and stator
currents of the sensorless speed drive at a 800 rpm due to nominal load torque steps.
The load was initially applied to the motor and was subsequently removed. We can
observe that the estimated position tracks the actual rotor position very well and the
estimation error is very small during the transients and steady-state. Hence, the
sensorless speed drive is capable of low speed operation with full-load. In linear
condition, the signal test must have short time Tsh = 200 μs. The experimental tests
show that for TL = 700 μs, the saturation is reached and the current peak is
approximately twice the nominal current. The standstill algorithm detects the initial
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rotor position with peak current after one second. The motor starts rotating with
estimated rotor position with MRAS algorithm. During the initial rotor position
detection, the four voltage vectors are applied. Fig. 6(a) (before starting) shows the
speed responses at standstill when the voltage pulse with short time Tsh and with long
time TL is applied to the stator windings of the motor. We can see that the rotor did
not move, but it is in a critical position of unstable balance and we note the
occurrence of a small vibration on the rotor. Fig. 6(d) shows an example of initial
rotor position estimation with the start-up of the motor. After monitoring the peak
currents (Fig. 6(f)), the estimated initial rotor position is about 5.58 electrical radians
(Fig. 6(d)). According to the experimental results, the estimated position shows good
correspondence to the actual rotor position with an average error of a less than
electrical angle radians (Fig. 6(c)) which corresponds to about 0.05 electrical angle
radians. The motor starts in the desired direction when the speed reference is applied.
When t = 4.2 s, a load torque is applied and we can observe that the estimated and
measured q-axis stator current is directly proportional to the electromagnetic torque
(Fig. 6(b)), the results are shown in Fig. 6(e). The result in Figs. 7 shows the
performance of the MRAS observer tracking the rotational speed in all speed range.
In Fig. 7(a), the performance of the proposed sensorless speed algorithm is again
assessed by changing the speed reference from 800 rpm to stand-still and then to -800
rpm. The motor accelerates to 800 rpm and the nominal load torque is applied at time
t = 4 s, after it is decelerated to zero speed. At time t = 12 s, the reference speed is
changed from -800 rpm. Finally, the nominal load torque is applied at time t = 14 s.
The estimated speed follows the actual speed during the reversal and at zero speed
operations showing the effectiveness of the proposed sensorless IPMSM drive.
Therefore, the performance of a sensorless control algorithm during speed transients
and zero speed is verified.

θˆ

Ω* r

θ

Ωr

Ω̂ r

a) Estimated and measured mechanical
rotor speed.

b) Zoomed estimated and measured
electrical position.
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θ − θˆ

c) Position error.

e) Estimated and measured d-axis
currents.

d) Electromagnetic torque.

f) Estimated and measured q-axis
currents.

Figure 7. Experimental results with speed reference profile under 100% rated load
condition.
These results confirm the choice of the IP speed controller and confirm that there is
no overshoot in the step speed response. Fig. 7(b) shows a good agreement between
the measured and estimated electrical rotor position and proves the agreement of the
proposed method. These results show that MRAS sensorless vector control of IPMSM
can accurately estimate the speed and rotor position during the speed reversal and can
meet the precision requirements of the system. In Fig. 7(c), the results show the
position error under speed changes with nominal load torque condition. The position
error using the MRAS method with load condition is not bigger than 0.5 electrical
radians, during transients and about 0.08 electrical radians at steady state. Position
estimation using MRAS sensorless control is robust under the transient step load
torque change and reversal speed. The experimental results presented in Fig. 7(d)
show the measured electromagnetic torque. The bandwidth of the speed controller is
usually below the bandwidth of the d − q axis stator currents controllers. Fig. 7(e)
shows the experimental waveforms of estimated d-axis stator current and measured
current step response. We can observe that these currents show a low noise but they
are maintained to zero during all the experimental time. Fig. 7(f) shows that the
estimated q-axis stator current is tracking the measured one in both directions and
varies proportionally with the load torque. The switching ripple is not clearly seen in
the stator currents because we have used a low pass filter in the d − q axis currents.
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However, we notice that the experimental results show an improved and robust
performance in the SVPWM sensorless VFOC algorithm for IPMSM. The
experimental results (Fig. 6 and Fig. 7), shows a good agreement and confirms the
effectiveness of the proposed rotor speed estimation method.

8. Conclusion
In this paper, a novel sensorless speed control and initial rotor position estimation
including magnet polarity for IPMSM has been proposed. The initial rotor position
estimation is based on a sequence of voltage pulses and the properties of permanent
magnets. By applying a long time voltage pulse to the stator phase winding, we can
overcome the ambiguity on the estimation initial rotor position. A sensorless speed
control for SVPWM inverter fed IPMSM drive is implemented using MRAS based
adaptive speed estimation. The MRAS technique is simple and it uses simplified
expressions in the reference and adjustable models with a capability to reduce the
mathematical computation time. The proposed sensorless speed control and initial
rotor position estimation has been experimentally validated using a dSpace DS1103
with a powerful processor. The experimental results are obtained both in transient step
load torque and reversal speed conditions. Moreover, the measured and estimated
rotor speeds are accurately tracking their reference during speed transients and standstill operation. The results clearly demonstrate the good performances and the high
dynamic behavior of the proposed IP speed controller. Experimental results have
proved the effectiveness of the proposed method based on MRAS technique. In the
future work, we intend to estimate online the stator resistance, in order to improve the
robustness of the sensorless control.
Appendix
Table 3: Permanent magnet synchronous motor parameters
Parameters
Specification
Rs
7.2 Ω
Rated power
1.1 kW
Ld
25.025 mH
Rated voltage
400 V
Lq
40.17 mH
Rated current
2.53 A
Φmd (rms)
0.305 Wb
Number of pole pairs
3
Ke
0.5283 V.s.rad-1
Rated speed
3000 r/min
J
0.0036 Kg.m2
Rated torque
4 N.m
B
0.0011 Nm.s.rad-1
DC link voltage
540 V
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