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Abstract - Speed and torque controls of permanent magnet
synchronous motors are usually attained by the application
of position and speed sensors. However, speed and position
sensors require the additional mounting space, reduce the
reliability in harsh environments and increase the cost of a
motor. Therefore, many studies have been performed for the
elimination of speed and position sensors. This paper
investigates a novel speed sensorless control of a permanent
magnet synchronous motor. The proposed control strategy is
based on the MRAS(Model Reference Adaptive System)
using the state observer model with the current error
feedback and the magnet flux model as two models for the
back-EMF estimation. The proposed algorithm is verified
through the simulation and experiment,
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I . Introduction

The vector control in the speed and torque controlled ac
drive is widely used for a high performance application. The
vector control of a permanent magnet synchronous motor is
usually implemented through measuring the speed and
position. However, speed and position sensors require the
additional mounting space, reduce the reliability in harsh
environments and increase the cost of a motor. Various
control algorithms have been proposed for the elimination of
speed and position sensors: estimators using state equations,

Luenberger or Kalman-filter observers, sliding mode control,

saliency effects, artificial intelligence, direct contrel of
torque and flux, and so on{1-4]. This paper propeses the
control strategy based on the MRAS(Model Reference
Adaptive System) in the sensorless control of a permanent
magnet synchronous motor. The MRAS algorithm is well-
known in the sensorless control of an induction motor, and
has been proved to be effective and physically clear[5-7].
The MRAS algorithm is based on the comparison between
the outputs of two estimators. The error between the
estimated quantities obtained by the two models is used to
drive a suitable adaptation mechanism which generates the
estimated rotor speed. The MRAS propesed in this paper is
using the state observer model with the current error
feedback and the magnet flux model as two models for the
back-EMF estimation. The preposed algorithm is verified

through the simulation and experiment.

II. Mathematical Modeling of
PMSM

Fig. 1 shows the equivalent model of a permanent magnet
synchronous motor. R, and L, in Fig. 1 indicate the
equivalent resistance and inductance. Flux reference axes are
also shown in Fig. 1.

The stator voltage equations in the real axes may be

expressed as

R
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Fig. 1 The Equivalent model of 3-phase PMSM
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where the back-EMFs of the phase windings induced from

the flux of the permanent magnet are as follows,
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where w, = %— and K isthe back-EMF constant,

From (1) - (3), « - and P - axis voliage equations in the
stationary reference frame fixed to the stator may be

expressed as

VM=RS1;”+Ls£;—":‘+em )

Vs = R +L5F+em (8)
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where R,=R, and LS=5La.
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where K“:E Kg.

From (1) - (3), d- and g- axis voltage equations in the
rotor reference frame with the rotating speed of ©, may be

expressed as

Li
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. diqs ,
Vgs = Rslqs + L:F +o, Lig+ oK,

The electromagnetic torque in the rotor reference frame may

be expressed as

T=PK,i

€ gs

(13)

where P is the number of poles.

The mechanical equation of a PMSM may be expressed as

T=J%%+Dm,,,+7i (14)

where J is the inertia coefficient and D is the friction
coefficient, w@,, is the mechanical speed of the rotor, and

T, is the load torque.

IIl. MRAS Based Sensorless
Control

This paper proposes a novel sensorless control algorithm
based on the MRAS. In general the MRAS algorithm is
based on the comparison between the outputs of two
estimators. The error between the estimated quantities
obtained by the two models is used to drive a suitable
adaptation mechanism which generates the estimated rotor
speed. The MRAS algorithm is well-known in the sensorless
control of an induction motor, and has been proved to be

effective and physically clear[5-7]. The MRAS proposed in



this paper is using the state observer model with the current
error feedback and the magnet flux model as two models for

the back-EMF estimation.

A. State observer configuration

From (7) and (8), the state equations of the full order
observer in the stationary reference frame may be expressed

as
X=AX+B v, +L(i, -i,) (15)

i, =Cx (16)

where ~ means the estimated value, L is the observer gain
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Here, the estimated currents may be replaced by the
measured currents, and the order of the cbserved states may

be reduced. This paper uses the reduced order observer

which may be expressed as follows:
w=F# +Di,+Gy, (1n
z=w +Li, (18)

- [~ A T P T
where Z=[em eﬂs] ) w:[w1 wy |,

F=A,-LA,,,
D=FL+A, -LA,,
G =B, -LB,.

Fig. 2 shows the block diagram of the reduced order state

observer for the back-EMF estimation.

Fig. 2 Block diagram of the reduced order state cbserver
B. MRAS configuration

This paper proposes a novel sensorless control algorithm
based on the MRAS for the speed sensorless control of a
PMSM. The proposed MRAS is using the state observer
model of (17) and (18) and the magnet flux model of (9) and
(10) as two models for the back-EMF estimation. The rotor
speed is generated from the adaptation mechanism using the
error between the estimated quantities obtained by the two

models as follows:

Gy =K p Epstys —Casfn )+ K _[(é,h’ém —éu )l (19)
where K ,and Kare the gain constants, é,, and &5, are
the estimated values of back-EMFs in the state observer
model, and 2,, and Ep_, are the estimated values of back-
EMFs in the magnet flux model.

Fig. 3 shows the block diagram of the proposed MRAS.
The proposed MRAS algorithm has a robust performance

through combining the state observer model and the magpet

flux model.
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Fig. 3 Block diagram of the proposed MRAS
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The overall system of the proposed sensorless control

algorithm is shown in Fig. 4.
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Fig. 4 Configuration of the overall system

IV. Simulation

The simulation has been performed for the verification of
the proposed control algorithm. Table 1 shows the
specification of the permanent magnet synchronous motor

used in the simulation and experiment.

Table 1 Motor specification

Number of pole 8 Rs 10 Q

4.17 mH

Nominal current 53A Ls

Nomina! power T50W Ke 0.132 Vsec/rad

Fig. 5 (a), (b) and (c) show the speed responses in the
speed commands of 50rpm, 200rpm and 1000rpm and in the
no load. As shown in Fig. 5, the proposed sensorless control

algorithm has good speed responses in the low and high

speeds.
T T Y T
2r- i f [ ]
1 ' | 1
1 1
gofd----- oo Poeoeae Foooee- beeeeee
1
£ ) ) | \
= 30" ‘‘‘‘‘ Fo==—=- [ oo F---=-==
] ) 1 1
a P S Fommmn- s Fo-omm- Fomnne-
% 1 1 1 1
] 1 1 1
[7] ) P [ ppu—— [ g [ [ ——
1 1 -+~ Estimatad Speed
0 . . —— Real Sae_d'
[ 1 2 3 4 5
TIME[sec]

(a)

1635

T T T T
= - L A i 1
20 1 1 1 1
] 1 1 1
E 1 1 1
TS O — R bemeee- [ I I .
1 1 1 1
E‘ 1 1 1 1
[LPRY B SR | | I | E—— [ .
1 1 b 1
Q 1 1 ] 1
%1 5 SR SR mm———— Foem——— Fmmma .
& ) 1 1 1
' 1 1 1
wol-=-~--- bm————— [ Fmme——m ———— —
: : JI - E.sl.lmnt?d Speed
" n . J—— Real Speed
o 1 2 3 4 5
TIME[sec]
T T T T
_____ L ] P —
100 ] [ i ]
1 + ) 1
1 ] ) 1
- 1] S T s ), —
i i i i
E ' 1 | 1
E‘ 1 1 1 ]
5 Lo i St === re-—-== r==-~--= rooees -
1 1 1
1 1 1
E A= - -— If- ------ o —————— Fm————— Fe=———— -
' ' 1 §
“a 1 1 ] 1
ok 4----~ h—————— [ —— JE R — o ——
! : -k- Esﬂmatdld Speed
o A . —— Reg] Speed
0 1 z 3 4 5
TIME[sec]
©

Fig. 5 Speed responses in the speed command of

(a) 50 rpm (b) 200 rpm (c) 1000 rpm

Fig. 6 and Fig. 7 show the speed responses in case of
considering the parameter variations where the stator
winding resistance is increased by 50% of the nominal value
and the back EMF constant is decreased by 20% of the
nominal value. The parameter variations are applied in the
middle of the operation of 200rpm and no-load. For the
comparison with the conventional state observer sensorless
control algorithm, the simulation is also performed under the
same conditions. The simulation result shows an improved

and robust performance in the proposed sensorless control

algorithm.
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Fig. 6 Speed responses in a stator resistance variation
(R, =1.5R,, 200 rpm )
{(a) Proposed MRAS  (b) State observer
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Fig. 7 Speed responses in a back-EMF constant
variation ( X ,=0.8K,, 200 rpm )
(a) Proposed MRAS  (b) State observer

V. Experiments and Discussions

The experiments have been performed for the verification
of the proposed control algerithm. The microprocessor
systern(80586/150MHz) is used for the digital processing of
the proposed algorithm.

Fig. 8 (a), (b) and (¢) show the experimental speed
responses in the speed commands of 50rpm, 200rpm and

1000rpm and in the no load. The proposed sensorless control
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algorithm has good speed responses in the low and high

speeds same as the simulation result,
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Fig. 8 Experimental speed responses in the speed

command of (a) 50 rpm (b) 200 rpm (c) 1000 rpm

Fig. 9 and Fig. 10 show the experimental speed responses
in case of considering the parameter variations where the
stator winding resistance is increased by 50% of the nominal
value and the back EMF constant is decreased by 20% of the
nominal value. The parameter variations are applied in the
middie of the operation of 200rpm and no-load. For the
comparison with the conventional state observer sensorless
control algorithm, the experiment is also performed under

the same conditions. The experimental result shows an



improved and robust performance in the proposed sensorless

control algorithm.
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Fig. 9 Experimental speed responses in a stator resistance
variation { R, =1.5R, , 200 rpm )

(a) Proposed MRAS (b) State observer
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Fig. 10 Experimental speed responses in a back-EMF
constant variation (I&e= 0.8X,,200 rpm)
(a) Proposed MRAS (b} State observer
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VI. Conclusions

This paper proposed a novel speed sensorless control
algorithm of a permanent magnet synchronous motor. The
proposed control algorithm is based on the MRAS using the
state observer model and the magnet flux model as two
models for the back-EMF estimation. The rotor speed is
generated from the adaptation mechanism using the error
between the estimated quantities obtained by the two models.

The simulation and experimental results indicate that the
proposed algorithm shows good speed responses in the low
and high speeds, and shows robust speed responses in the
stator resistance and back-EMF variations. Especially, the
proposed algorithm shows a better performance in the

parameter variation compared to the conventional algorithin.
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