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ABSTRACT

This paper presents the estimation techniques for rotor speed (ωr), rotor position (ρmr), and stator resistance (Rs) for a Permanent-Magnet Synchronous-
Motor (PMSM) drive. An online speed-/position- estimation technique is essential to make the drive mechanically robust and to increase its reliability. 
The instantaneous and steady state Fictitious Quantity (Y) is used to build a Model Reference Adaptive System (MRAS) as a basic structure for estimating 
ωr and Rs for a vector-controlled PMSM drive. MRAS models are constructed using reference voltages and actual currents in a rotor reference frame. 
This scheme involves less computation effort and simple expressions without any integration and differentiation terms. The Y-MRAS speed-estimation 
technique performs satisfactorily over a reactive power MRAS-based speed estimator under a slow zero crossing for the PMSM drive. However, this 
technique depends on stator resistance. The proper identification of Rs (by YR-MRAS) gives information about the machine’s operating range and is also 
used in the online Rs compensation for the Y-MRAS technique. The proposed methods are applicable to all types of PMSM machines and are verified for 
various speed and load variations. The viability and effectiveness of the ωr and Rs estimation techniques are demonstrated via stability/sensitivity analyses, 
MATLAB software simulations, and Typhoon Hardware In-the-Loop (HIL) - 402. 
Keywords: Condition monitoring, speed control, PMSM, sensorless, stator-resistance estimation

Introduction

The Permanent-Magnet Synchronous-Motor (PMSM) drive has been in demand over the past 
few decades, particularly in the context of robots, electric vehicles, and industry. This is due 
to its efficiency, large torque/volume ratio, consistent operation, and simple structure. The 
presence of a permanent magnet in the rotor gives the drive an advantage over induction 
machines and wound rotor-type synchronous machines. The rotor position (pmr) is essential 
for the sensorless speed PMSM drive. The mechanical, electronic speed, and position sensors 
make the drive expensive and reduce its reliability. When considering signal transmission and 
environmental issues, sensorless operation is preferable. From all the control techniques avail-
able in the literature, the dynamic performance of the vector-controlled drive gives it a signif-
icant advantage over other control techniques [1-2]. 

Many techniques for sensorless speed are presented in the available literature on PMSM drives 
[2-11]. These are mainly classified into model-based techniques [6, 12, 13] that are based on 
back EMF [14, 15], signal injection (SI) [4, 16], and state observer [5, 17-19] approaches along 
with others like artificial intelligence [7, 20-22]. Back EMF-based estimation techniques use 
back EMF (e) to estimate the rotor speed; this approach performs satisfactorily at high and 
moderate speeds. However, under zero or low-speed operation,  becomes negligible and 
cannot be tracked. This makes estimating the speed very difficult in addition to the sensitiv-
ity to machine parameters. The SI-based technique estimates speed based on the saliency 
of the machine and is the only technique that performs with high accuracy at zero speed. 
Nonetheless, it requires external hardware for high-frequency SI and to extract the position. 
A combination of e- and SI-based methods is superior to all techniques with the advantages 
of high- and low-speed operation, respectively; unfortunately, this scheme is too expensive. 

https://doi.org/10.1109/TPWRD.2012.2220987
https://doi.org/10.1109/TPWRD.2010.2053724
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Observer-based approaches (such as the extended Luenburg-
er observer, the Kalman filter, and the sliding model) are more 
sensitive both to machine parameters and greater complexity. 
The primary advantage of observer methods is that they treat 
the parameters as state variables and can be estimated along 
with the shaft speed.  However, Kalman filter require initial con-
ditions, e- and SI-based method requires filters, these degrades 
their advantages. 

The MRAS computes functional candidates that are expressed 
in different forms in equal quantities and which are used in ad-
justable and reference models [6, 8, 23, 24]. The reference mod-
el is independent of the unknown quantity (i.e., speed), while 
the adjustable model is unknown-quantity dependent. The dif-
ference between these two quantities results in errors, which 
are passed through the PI controller (the adaption mecha-
nism). The PI output (i.e., speed) is used to tune the adjustable 
model; this continues until the error is zero. These MRAS-based 
techniques are advantageous in terms of stability, simplicity, 
and reduced computational complexity. They require no ex-
tra hardware, they are free from integrator and differentiation 
terms, and they are also less dependent on machine parame-
ters. Alternative techniques, such as artificial intelligence [25-
27] (ANN, fuzzy logic, etc.) are recent approaches; however, 
they require huge memory capacities to train the system and 
are more complex to build.

The Q-MRAS [6] speed-estimation technique is problematic 
in the context of zero crossing, which is overcome using the 
ƥ-MRAS [8] and the proposed Y-MRAS techniques [28]. The 
proposed fictitious quantity (Y) Y-MRAS method depends on 
both stator resistance and mutual flux linkage (λaƒ), although 
λaƒ  varies with the aging of magnets. The  fluctuates with the 
temperature of a machine’s stator winding. This deteriorates 
the performance of the proposed scheme at low speeds. At 
high speeds, the vector control fails (ids ≠ 0, the d-axis current 
in the rotor reference frame), although machines tend to ro-
tate at the reference speed (ωref). The accurate speed/position 
estimation is achieved by precise stator resistance; therefore, 
online  estimation techniques for compensation are required 
[8, 12, 29-37]. 

This paper proposes a new YR-MRAS stator-resistance-estima-
tion technique for the PMSM drive. The machine temperature 
and operating range can be monitored using a YR-MRAS ap-
proach. The presented stability/sensitivity analyses use MAT-
LAB simulation results and validation in real-time Typhoon 
hardware in-the-loop (HIL) (Typhoon-HIL, Zurich, Switzerland, 
EUROPE) [38] to highlight the performance of the proposed 
algorithms.

Section II presents the PMSM modeling. Section III presents 
the proposed Y-MRAS-based rotor-speed-estimation tech-
nique for a vector-controlled PMSM drive. Section IV performs 
stability and sensitivity analyses with respect to stator resis-
tance for the proposed speed-estimation technique. The YR-
MRAS stator-resistance-estimation technique is introduced 

in Section V. Sections VI and VII present the simulation and 
real-time HIL results for the proposed techniques before con-
cluding in Section VIII.

PMSM Modeling
The PMSM machine modeling is taken from [2]. In the rotor 
reference frame, the d- and q-axes stator voltages (vds and vqs) 
of the PMSM are expressed in the stator currents (ids and iqs) in 
Eq.1:

v!"
v!"

=  
Ɍ! + L!Þ -ω!L!
ω!L! Ɍ! + L!Þ

i!"
i!"

+
0

ω!λ!"
  (1)

  (2)

  (3)

Equation 2 shows the electrical torque (Te) developed, and Eq. 
3 demonstrates the electromechanical dynamics equation. The 
following are definitions of the symbols and variables: T1 rep-
resents the load—torque, respectively. Pole pair (P), electrical 
(ωs) and mechanical (ωr) shaft speeds, ωs 

= Pωr d-axis inductance 
(Ld), q-axis inductance (Lq), = derivative term  mutual flux 
linkage (λaƒ), and machine inertia (J). =stator resistance, viscous 
coefficient (B), and electrical position (Pms). The machine is the 
non-saliency type with a sinusoidal back EMF waveform. Table 
1 contains the parameters.

The Y-MRAS-Based Speed-Estimation Technique
In the expression for the reference and adjustable MRAS mod-
els, Y is expressed as [6, 24, 39]. 

 (4)

Substituting (1) in (4):

  (5)

Under a steady state condition, , and Y2 becomes: [31]

 (6)

Table 1. PMSM machine parameters [44]

Pole Pair (P) 4

Rated Speed (ωr) (rpm) 2000 

Power (KW) 1.5

Voltage (V) 254

Current (A) 3.7

Inductance Ls (mH) 22.5

Mutual Flux Linkage (λaf) 0.2026 

Stator Resistance (Rs) (Ω) 1.6 

Inertia (J) (kg-m2) 0.0027

Viscus coefficient (B) (kg m2/s2) 0.34
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The condition for vector control is ids=0, where Y3 becomes:

 (7)

In Eqs. 4–7, Y2  and Y3 are reliant on all machine parameters, 
and the noise is increased due to the presence of . Therefore, 
Y4 and Y1 are considered as the adjustable and the reference 
models, respectively, as shown in Figure 1. Y1 is independent 
of shaft speed, while Y4 is shaft-speed dependent. The error 

 developed in Eq. 9 is passed through a PI con-
troller. The output (i.e., the estimated rotor speed  
is used to tune the adjustable quantity; this continues until the 
error is zero. Equation 10 contains the rotor position from the 
speed (Figure 1). 

  (8)

 (9)

  (10)

Stability and Sensitivity Analyses 

Stability analysis
Instability under various conditions is one of the major prob-
lems with the rotor-speed-estimation technique. Here, a 
small-signal stability analysis [40, 41] of the Y-MRAS speed-es-
timation technique for the PMSM drive is performed and pre-
sented in the rotor reference frame. The state–space equations 
are presented in Eq. 11 for the PMSM machine (from Eq. 1 in 
terms of currents). 

  
(11)

       
      

 (12)

In Eqs. 11 and 12, the state variables are the stator currents in 
the d- and q-axes reference frames. The general form of state–
space representation is:

  (13)

 (14)

Comparing Eqs. 11–14 produces:

 B= ,  (15)

 (16)

Where  are the transfer functions of the PI control-
lers of the speed loop, the q- and d-axes current loop, and the 
Y-MRAS, respectively.

   (17)

Using the small-signal analysis with respect to the operating 
point of , Eqs. 13 and 14 become:

 (18)

  (19)

Taking the Laplace transformation and substituting Eq. 18 into 
Eq. 19 gives:

 (20)

Where, 

,  (21)

Substituting the values of  in Eq. 20 
generates the expression for  and 

From Eq. 9, the error of the rotor-speed estimation is given by: 

 (22)

Where  are steady state and instantaneous fictitious 
quantities. The stability analysis is conducted in the rotor refer-
ence frame (of the d- and q-axes). Both quantities are expressed 
in the rotating reference frame. 

 (23)

Considering a small perturbation in ,  can be expressed as: 

 (24)

Figure 1. The Y-MRAS-based speed-estimation technique
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Dividing Eq. 24 by  gives: 

 (25)

From the Y-MRAS adaption mechanism from Eq. 8:

 

 (26)

Substituting  (i.e., Eq. 26) in Eq. 25 gives:

 

  (27)

Let: 

  (28)

 

The closed-loop representation of the Y-MRAS-based speed-es-
timation for the vector-control PMSM drive is shown in Figure 
2a from Eq. 29. The closed-loop transfer function is given by: 

 (29)

The stability of the PMSM drive was checked for the Y-MRAS 
speed estimation closed-loop system using Routh–Hurwitz 
criteria in the speed-to-torque domain with small increments 
in speed and torque values at several operating points. The 
system is said to be unstable if any roots of the characteristic 
equation lie in the right half of the s-plane. The obtained stable 
and unstable points in the speed–torque domain are plotted in 
Figure 2b. The green dots represent the stable regions for the 
MRAS gain.

The stability for various operating points in all four quadrants 
was verified using MATLAB software. The speed was changed 
from -200 rad/sec to 200 rad/sec in the form of a ramp com-
mand for various fixed loads. The corresponding simulation 
results are shown in Section V. It is observed that the Y-MRAS 
speed-estimation technique is completely stable for a wide 
speed–torque range in all four quadrants. The stability was 
verified by a small-signal analysis consideration of unit-step 
variation; this analysis cannot guarantee the stability of large 
signals as sometimes, the motor goes to transient for a large 
disturbance.

The Bode plot [41] of Eq. 29 is shown in Figure 2c and 2d; it 
includes one motoring operating point and one in the re-
generating mode. Figure 2c contains the Bode plot for the 
forward motoring operation (speed: 80 rad/sec with a load 
of 4.4 Nm). The Bode plot for the regenerating mode (speed: 
80 rad/sec with a load of -4.4 Nm) is revealed in Figure 2d. 
Here, the plot shows both the infinite gain margin and the 
infinite phase margin, which demonstrates the robustness 
of the speed-estimation algorithm. All zeros and poles are 
seen, as presented in the left-half of the s-plane from the 

root locus [42] shown in Figure 2c and 2d. This confirms the 
stability of the speed-estimation technique in both motor-
ing and generating modes. 

Sensitivity analysis 
The sensitivity of the sensorless speed-control technique to 
variations in stator resistance is studied and presented. The 
adaptive Y-MRAS model is sensitive to stator-resistance varia-
tion. The sensitivity analysis [43] is similar to the stability analy-
sis, except for the linearizing, which is conducted with respect 
to .

The expression of A with respect to , from Eq. 15: 

 (30)

Substituting the values of  in 
Eq. 20 generates the expression for  and  

The  is linearized with respect to :

  (31)

Dividing Eq. 31 by  gives: 

  (32)

From the Y-MRAS adaption mechanism from Eq. 26:

  (33)

Let, 

 (34)

 (35)

The sensitivity of the Y-MRAS with an  variation is performed 
at a rated load; | | to  is shown in Figure 3.

Modified YR-MRAS-Based Stator-Resistance-Estimation 
Technique
This paper proposes a new YR-MRAS for the online resis-
tance-estimation technique. From Eq. 1, the d-axis stator volt-
age of the PMSM assigned to the rotor reference frame can be 
expressed as:

 (36)

In a steady state, the derivative terms are zero, and the new 
expression for  becomes [31]:

 (37)

From the vector-controlled PMSM drive, ( ) is imposed in 
Eq. 37. The simplified expression for  is:

 (38)
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 (39)

Substituting Eq. 39 in Eq. 7 gives:

 (40)

  (41)

Above, Eq. 40 is dependent on  and is free from 
derivative, integrator, and speed terms. As  is constant be-
low the saturation limit,    remains constant (with no flux 
weakening).  is dependent only on  and is independent 

of speed.  and  are considered as reference and adjustable 
models, respectively. Error (Eq. 41) is evaluated from the differ-
ence between  and ; the error is passed through an adap-
tion mechanism, which is normally a PI controller. The output 
of the adaption mechanism is the estimated quantity, i.e., the 
estimated stator resistance , which is used for tuning the 
adjustable model to reduce the error to zero. This estimated re-
sistance is fed to the speed-estimation technique for  com-
pensation. Figure 4 reveals the block diagram of the proposed 
stator-resistance-estimation technique. The online estimation 
of  gives information about the stator winding temperature 
from Eq. 42, where   represent the deviations 
in temperature, estimated stator resistance, initial stator resis-

Figure 3. Sensitivity of the Y-MRAS to variations in stator resis-
tance Figure 4. The YR-MRAS-based stator-resistance technique

Figure 2. a-d. Closed loop representation of Y-MRAS based speed-estimator (a) Stable points in the speed-torque domain for Y-MRAS (b). 
Bode plot and root locus of Y-MRAS for speed estimation (c). Motoring Mode, 80 rad/s with 4.4 N.m load (d). Regenerating Mode 80 rad/s 
with -4.4 N.m load 

c d

a b
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tance, and the temperature coefficient of the stator winding, 
respectively.

  (42)

Simulation Results
The proposed Y-MRAS-based speed-estimation technique for 
a sensorless speed vector-controlled PMSM drive (Figure 5) 
was verified using  software under various operation speeds/
loads and is shown below. Two current sensors were used in 
the drive to measure the balanced three-phase stator currents. 
The speed loop was closed with the estimated speed, and the 
position was extracted (Eq. 10) and used in the Clarke and Park 
frame transformation. The machine parameters were taken 
from [44] and are shown in Table 1. The proposed technique 
performs satisfactorily over Q-MRAS [6] at slow zero crossings. 
The estimated and the actual speed/position overlap, which 
verifies the robustness of the Y-MRAS speed-estimation tech-
nique. The machine currents are shown in the rotor reference 
frame of the d- and q-axes.  indicates the successful op-
eration of the vector control, and  shows the torque-compo-
nent current. The information for the estimated position is plot-
ted with the actual position in the electrical angle (i.e., in rad), 
and the position error is shown between the actual and esti-
mated positions. The proper tuning of the PI controller gains 
improves the system’s performance. The shaft speed is at the 
same scale as the estimated and reference speeds to demon-
strate the precision of the Y-MRAS estimation technique.

The drive response for the rated speed with step load
The performance of the drive was verified for no load to full 
load at rated speeds. The reference speed was changed from 0 
rad/sec to 200 rad/sec (from t=0 sec to t=1 sec) under no load. 
At t=1.5 sec, the machine was fully loaded (i.e., 4.4 Nm) in a 
step command. At t=2 sec, the speed was changed to 100 rad/
sec by a ramp command in 0.5 sec. The load on the machine 
was changed in a step command to 2.2 Nm and to 4.4 Nm at 
t=3 and 4 sec, respectively. Figure 6 presents the electrical and 
load torques on the machine and the machine’s shaft speed 

with both reference and estimated speeds. The stator currents 
and reference voltages are presented in the d- and q-axes of 
the rotor reference frame. The actual and estimated positions 
are presented, and the accuracy of the proposed algorithm is 
demonstrated by the position error.

The drive response for the ramp-type reference speed 
The reference speed was changed in a time-varying ramp 
profile with constant torque/speed load ( ). The per-
formance of the sensorless speed PMSM drive was verified 
for both forward and reverse operating modes. Equation [6] 
proposes the Q-MRAS speed-estimation technique. It is ob-
served that this technique is problematic at slow to zero speed 
crossings; however, this is overcome by the proposed Y-MRAS 
technique. The stator currents are shown in the d- and q-axes 
reference frame. ids=0 shows the vector control of the PMSM 
drive, and iqs represents the torque-component current. The ac-
tual and estimated positions presented in Figure 7 confirm the 
viability of the proposed speed-estimation technique.

The drive response for the step-type reference speed 
Figure 8 contains the forward and reverse motoring informa-
tion for the PMSM drive with a constant torque/speed load (

) for the step speed command. The reference speed 
was changed in the step commands from 10 rad/sec to −10 
rad/sec and back to 10 rad/sec at t=2 sec and t=4 sec; the 
load on the machine also changed in the step commands, 

Figure 5. The sensorless speed vector-control PMSM drive

Figure 6. The simulation results for rated speed with a step load
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Figure 7. The simulation results for the ramp-type speed command

Figure 8. The simulation results for the step-type speed com-
mand

Figure 9. The simulation results for four-quadrant operation

Figure 10. The simulation results for stator-resistance variation at 
low-speed operation
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respectively. Both the shaft position and the position error 
confirm the accuracy of the proposed speed-estimation 

technique. The proposed approach was verified for both the 
ramp and step speed commands from Figure 7 and 8. It is 
confirmed that the Y-MRAS speed-estimation technique per-
forms satisfactorily at slow zero crossings and for step-speed 
commands. 

The drive response for four-quadrant operation
The sensorless speed PMSM drive was verified for four-quad-
rant operation using step reference speed and slow ramp-
load change. The reference speed was changed by step com-
mand from 10 rad/sec to −10 rad/sec at 5 sec and was set to 
10 rad/sec at t=15 sec. The load was altered in a slow ramp 
change from 4.4 Nm to -4.4 Nm, as shown in Figure 9. From 
the speed and load characteristics also presented in the same 
figure, the forward motoring, reverse regenerating, reverse 
motoring, forward regenerating, and forward motoring oper-
ations are seen at t=0–5 sec, 5–9 sec, 9–15 sec, 15–21 sec, and 

Figure 11. The simulation results with stator-resistance compen-
sation Figure 12. Typhoon HIL setup

Figure 13 a-d. The Typhoon HIL results for the speed-reversal operation with a step change

c

a

d

b
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21–25 sec, respectively. The actual and estimated positions 
are shown, and the position error confirms the accuracy of 
the proposed speed-estimation technique for four-quadrant 
operation. The dynamics can be overcome by the proper tun-
ing of the PI gains.

The drive response for stator-resistance variation 
The variation in stator resistance was observed due to the tem-
perature change of the stator windings. The Y-MRAS speed-es-
timation technique is dependent on stator resistance; however, 
the variation of Rs will also degrade the drive’s performance. The 
stator-resistance-variation-simulation results are presented in 
Figure 10. The machine was started with no load, the reference 
speed was set to 1 rad/sec and 2 rad/sec in t=0–1 sec and t =–9 
sec, respectively, in a ramp form. The machine was loaded to 
4.4 Nm in a ramp form from t=2–6 sec. From t=15–16.5 sec, an 
external resistance was added in series to each phase of the 
machine at 0.2 ohms (12.5% of ). It was observed that the 
Y-MRAS failed to perform the sensorless speed vector-control 

PMSM drive. At low to high speeds, the Y-MRAS estimated the 
speed, but the vector control was lost. Therefore, an online sta-
tor-resistance-estimation technique is required to improve the 
performance of the proposed technique.

1) At very low speeds, the Y-MRAS fails to estimate the speed.

2) For low to high speeds, the vector control fails (i.e., ids ≠ 0) 
under  variation.

 The drive response with stator-resistance compensation
Figure 11 reveals the simulation result for Figure 10, with online 
stator-resistance compensation for the vector-control PMSM 
drive, as shown in Figure 5. At t=10 sec, the  estimation tech-
nique is closed in a loop to the Y-MRAS speed-estimation tech-
nique. Therefore, some dynamics are evident in speed, position 
error, and ids. The proposed speed and stator-resistance-esti-
mation technique performs satisfactorily under various speed, 
load, and stator-resistance variations.

Figure 14 a-f. The Typhoon HIL results for slow zero crossing with four-quadrant operation

e

c

a

f

d

b
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Typhoon HIL Real-Time Simulation
An HIL platform was used to verify the proposed speed and 
the stator-resistance-estimation technique for the vector-con-
trol of the PMSM drive. Figure 12 contains the Typhoon hard-
ware in-the-loop (HIL-402) results, and Figure 13-15 show the 
emulated real-time HIL results for the speed and stator-resis-
tance-estimation techniques.

Typhoon-HIL 402 with 4-processing cores, 32/16-Analog I/O 
and 32 Digital I/O, and with 16-bit resolution for the most 
demanding in microgrid, power-quality, motor-drives and 
controller-test; and verification, and pre-certification tasks 
is done. It can test in Real-Time with 20 ns PWM-resolution, 
in closed-loop with high-fidelity power stage with 1 MHz 
update rate. Moreover, by using the HIL-402 it is possible to 
simulate the control algorithms with multiple execution-rates 
and progress the overall-performance of our digitally-simu-
lated HIL system. 

The results for the sensorless speed PMSM drive for a step-type 
speed command with a DC generator-type load are shown in 
Figure 13. The reference speed was changed from 4 rad/sec to 
-4 rad/sec at t=15 sec and t=30 sec, respectively. The estimated 
and actual positions are displayed on the same scale at zero 
crossings. 

Figure 14 contains the four-quadrant operation for the 
speed-estimation technique for the PMSM drive. The load ap-
plied on the machine is represented by iqs, and ids indicates the 
drive’s vector control. The estimated and actual positions are 
shown for the zero crossings for speed and load.

Figure 15 reveals the complete speed and stator-resistance-es-
timation technique for the sensorless speed PMSM drive. The 
actual and estimated speeds are plotted on the same scale 
with a position error. The estimated and actual positions are 
plotted at t=0 sec, t=40 sec, and t=80 sec as θ1, θ2, and θ3, as 
shown on the speed graph. The estimated stator resistance is 

Figure 15 a-f. The HIL results under variations in stator resistance with compensation

e

c

a

f

d
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closed in the loop at t=40 sec. The actual and estimated stator 
resistance is plotted, and the position error is presented with 
speed to highlight the performance of the drive.

Conclusion

This paper presented a novel technique for estimating stator 
resistance and rotor speed/position in a vector-controlled 
PMSM drive. The proposed speed-estimation technique in-
volves stator resistance; any variation in resistance will deterio-
rate the performance of the drive at low speeds. The proposed 
technique is applicable for online estimation and compensa-
tion and is also suitable for monitoring the stator winding tem-
perature of PMSM machines. The presented approaches are 
independent of integrator and differentiator terms and are rel-
evant for all PMSM machine types. The Typhoon HIL, the stabil-
ity and sensitivity analyses, and the MATLAB simulation results 
all confirm the satisfactory performance of the proposed speed 
and stator-resistance estimator. 
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