MODELING AND SIMULATION OF SENSORLESS CONTROL OF PMSM WITH
LUENBERGER ROTOR POSITION OBSERVER AND SUI PID CONTROLLER
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Abstract: This paper presents an investigation and
evaluation of the performance of the surface Permanent
Magnet Synchronous Motor drive under the Smplified
Universal Intelligent PID controller (SUI PID). The
estimation of the rotor position and the angular speed in
dynamic rate were derived by the use of the Luenberger
state observer for currents and MRAS (Model Reference
Adaptive System) observer. It also shows how to use a
Luenberger state observer in a field oriented control
(FOC) scheme to implement a sensorless vector control
strategy. The mathematical descriptions of the system
and simulation results have been presented in this paper.

Key words. Surface Permanent Magnet Synchronous
Motor, Luenberger Sate Observer, SUI PID controller,
MRAS observer, Sensorless vector control.

NOMECLATURE
| d — g Stator currents

o
o

d — g Stator voltages

o

Rotor angular speed’ad/S)
Rotor position anglefiad )

Stator Resistance(} )
Motor torque constant
Fractional Coefficient
Load torque (N.m)

Rotor inertia (Kg.m?)
Number of Pole Pairs

The matrix coefficient gain
Refers to the estimated value

EMF constant
Proportional gain constant

o

Integral gain constant

The state error in the d-axis
The state error in the g-axis

The SUI PI controller gain

1. Introduction

MSM has wide application in AC servo system,

compared to other machines because of its
advantages like quick response, excellent control
performances, small size , light weight, high pdwer
weight ratio, large torque/ inertia ratio, smootique
operation, controlled torque at zero speed, higredp
operation, high torque production capability, high
efficiency and compact structures [1].

The motor drives need the information of rotor spte
achieve speed control loop. Rotor speed can be
measured by sensors attached to rotor shaft which
transmit the motor speed to the drive controller.
However, using mechanical sensors placed on the
machine shaft have many drawbacks [2]-[3]. Firsé, t
mechanical sensor presence increases the volume and
the global system cost. Therefore it requires an
available shaft end which can constitute a drawback
with small sized machines. Moreover, the instailati

of this sensor requires a chock relating to th¢osta
operation which proves to be delicate and decreises
reliability of the system. This requirement leadghe
paper in the field of sensorless control schemeas th
estimate the speed of the rotor without any sensors
attached to the rotating shatft [4].

In this paper, to overcome problems related to the
mechanical speed sensors, the adaptive Luenberger
observer for rotor position and angular speed
estimations is studied under the SUI PID contrdiber
PMSM drive system.

2. The control system block diagram

Fig. 1 shows the block diagram of sensorless cbafro
PMSM. The system has been built using the matlab/
simulink. The drive system consists of: - PMSM,
Current controller, Adaptive Luenberger observar fo
estimating both rotor position & angular speed trel

SUI PID controller. The estimated rotor angularespe
O
wr is compared with the reference angular spegg

which it is set to 314 rad/sethe resulting angular
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Fig. 1. Block Diagram of Sensorless control of PMSM

speed error is processed in the SUI PID contraler  The electro-magnetic torque:-
regulate the rotor speed. The output of thigrodier

is | The state frame transformations of Clark, Park, —
Te= 2P 1, +(L, - L)l

q d] (3)
and inverse-Park are used to transform the cureands
voltages.

For constant flux operatiorl ; maintained at zero,

2PMSM mod€ which produce electric torque
The stators of the PMSM and wound rotor synchronous

motor are similar. In addition, there is no diffiece 3

between the back EMF produced by a permanent Te:_P[/“ ]:K |
magnet and that produced by an excited coil. Hence, g T

the mathematical model of a PMSM is similar to that

the wound rotor SM [5]. The electrical dynamic This torque equation of the PMSM similar to the
equation of the motor in thdq rotor reference frame regular dc machine and hence provides ease ofatontr

(4)

can be written as:-  where, the torque depends only on the quadrature
d, _ V, R . L, , component of the stator current.
e Pw.l, 1) The torque balanced equation is:-
d d d
di, V _ . d
_q:_q_i|q_L_dpwr|d_/]Pwr 2) T =] @+FQ+TL )
d L, L, L, L, dt

Both stator currents in the rotor reference fralge&

« _[T,-Fay-1]
dt J ©

I, can be obtained by integrating equations (1) & (2)

The rotor positior8, in state space derivative form
is:-

do, _

7

dt r ( )




The inverse Clark transformation can also be foasd

i 10 .
ial -zt ﬁ «|'a
> 2 2 i (©)
i 1 -3
L2 2 |

Fia. z. Analvtical model of PMS)} 3.2 Park transformation

Park-transformation produces the system model; the
current and voltage vectors onto a rotating co@tgin

3. Coor dinate transformations time invariant system as shown on Fig.4.
In order to study the performance of PMSM model
under sensorless control, two different transforomest q B

were made: The first one is Clarke-transformation
while the second is Park transformation.

3.1 Clarketransformation
Clarke-transformation transforms the 3-phase system
into a 2-phase time or vice versa.

Fig. 4. Park transformation

I cod, sing | |i,
X

—a i P : (10)
lg sing, cog | |l
And the inverse Park transformation is:
Fig. 3. Clark transformation Iﬂ — COﬁ _Slner % Id 1)
l,| |sing co%l | |l
1 :1 ;1 ia 4. Current controller
I, 2 2 ] The current controller block used to regulate tagos

2 ;
i —3 O \/’3 —\/é X Ib - current and it has five inpuis; ,iqref ,Aid,Aiq& w,

2 2 c and two outputsV, & V,. The current controller has

— - been implemented according to the current controlle
equations;




The proposed SUI PI controller is a classical Rhvai

Vd — R _Pa? x | et +i>< Ld 0 universal PID constant, so no specific design exled
V. P R i 0 and therefore no need for a system model. The SUI
0] LT aet ] O Lq PID controller constant¥,, and K, are the absolute
N 0 values of errors and integration of errors as shown
d Fig.5
x|+ (12) 1g.0.
ANq | [ PwA

Where; iy, is maintained at zero since there is no
flux weakening operation in this paper.

Ai

¢ g g (13)

Gain

i

Integrator

g laer ' d (14) Diide
Dot Product!

Constant

5. The SUI PID speed controller

The speed controller was implemented to regulagte th
rotor speed by comparing the reference angulardspee
with the estimated angular speed. The output of thi

controller 9 .-

Fia. 5 SUI PID controlle

6. Luenberger Adaptive Observer

The state space of PMSM model of equations 1&2 is
constructed according to the following relationsdzh

on the knowledge of inputs and outputs of the syste

The PID controller consists of three terms [6]:-
The first controller term: P = K, Uerror (15)

The second controller ternh: = K DJ.error.dt (16)
derror

The third controller term:D = K, ——- a7 dX
a —= = AX +BU
The following values can then be substituted ihto t dt
PID controller equation:- Y =CX
K, = ABS[error) 18] (24)
K, = ABS error.dt) (29)
derror Where,
K, = ABS( j (20) _ [ : ]T _[ ]T
Selecting the controller constants from the above I .k
explanation leads to a simple design algorithm and Y = _Id Iq] :
simplified adaptive weighting for the three terms. ~ -
The proposed intelligent PID controller is consteac -R P 1
by using the multi degree of freedom controller L @ — 0 0
(MDOF) concept [7], [8]. Applying the intelligent® A= d - L
controller eliminates the need to know the system - ; 1 —P(q ;
steady state gain. - Pwr T 0 I T
d
C.=C*M *eror +C*ﬁ(1—error) 21) - 2
(1 0
C.=C*error* (M —i)+£ (22) €= 0O 1
" M M L
ForM =~1—> C, =C*error*M (23) For sSPMsm, Ly = Lq =L . To estimate the rotor

position and the angular speed; the stator cuime®&



q directions {; & i,) in the rotating fram are used as

the estimated variablesnd the rotor speew as the

regulated variable.
The second order Luenberger observer is give

a
O O
ax _ A(w )X+ B

0
U+K(Y-Y
o ( )

o

Xo

O
Y =C

(25)

O
Where; @ is the estimated angular speed (rad/sec)

K is a constant coefficient matrix which
characterized by an equation containing a term
corrects the current state estimates by an an
proportional to the prediction error. The predint
error is the difference between the estimated ahght
curent. This correction ensures stability ¢
convergence of the observer even when the sy
being observed is unstable [9].

0 o o' o o o]
X:[m h};Y:{M H};

_ . r
ol T T4
Alw)= .

5 ol
_Pa)r _R
i L |
% 0 0
B, = 0
0 1 -Py
. L L

7. Rotor angular speed observation
The rotor angular speed is reconstructed using
model reference adaptive system (MRAS). The MF
principle is based on the comparison of the outpf
the two estimators. The first one is independerthe
observed variable named as moderence, while th
second is the adjustable one. The error betweetwth
models feeds an adaptive mechanism to turn ou
observed variable [10].

In this paperthe actual system is considered as
model referenceand the observer is used as

adjustable one. The rotangular speed is built around
the following alaptive mechanis:

. b0 A e 00
@ =K lqlly =)+ [l gl et
0

(26)
Where;
- -D - -D
€ =14 ~ 4 & e =1,~1
Where; €, & €, are the state erro

The tracking performance of the speestimation and
the sensitivityto noise are dependin¢n proportional

and integral coefficient gains. The integral g K, is
chosen to be high for fast tracking of speed. Wtal
low proportional Kpgain is needed to attenuate h

frequency signals denoted as noisl1].

By estimating the rotor angular speed, the estidr
O
rotor positiond, can be obtained t

O g
6 =] .d (27)

MRAS structure for estimating the rotor angularest
and the rotor position is illustrated in Fig

The scheme consists of 2 models; referemodel and
adjustable model with adaptation mechanism.
reference model block represents the actual sy
having unknown parameters values. The adjus
model block has the same structure of the refer
one, but with adjustable parameters instea the
unknown ones. The adaptation mechanism b
updates the adjustable model with the estim
parameter until satisfactory performance is achle
The PMSM model was considered to be the refer
model and the Luenberger observer was consider
adustable model to obtain the estimated stator ots

[12].
[id ia ]T
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Fig. 6. MRAS Structure




8. Simulation results o _ After loading the motor torque oscillates aroufige
Based on the motor parameters indicated in the 1.8Nm

appendix, the simulation of the sensorless cortfol . .
PMSM has been carried out using the Simulink in F'g_' 10 shows the d-axis currgnt, the agtual and
Matlab. The stator current is decoupled using tblel f ~ €stimated stator current at d akis The estimated

. . . . .
oriented control into both; &1,. In this paper the current | ¢ tracks the actual d axis currehf of the

mot(cj)'rt_ was .EESted tat tnc; tload gntd sugiezn 103ding motor at t=0.05 sec and both become 0 A at t=0686 s
conditions with constant stator resistance and both oscillate around the zero axis.

The PWM switching frequency of the inverter is &et . _ . .
10 KHz. The DC link voltage of the inverter is After loading at t=1 sec, both estimated and actyal

maintained at 200 V. The reference angular speed ofare equal to zero.

the motor is set to 314 rad/sec. Fig. 11 shows the g-axis current, the actual and
Using only the three phase stator currents the estimated stator current at the g akis,the estimated
guadrature and direct axis currents, rotor angapaed 0

and position are estimated by the Luenberger stateq axis currentl 4 tracks the actual q axis currehf at
observer.
The estimated angular speed was regulated via

conventional Pl controller with |0V\Kp:2 and above

t=0.06 sec and both of them have the same
characteristics of the motor electromagnetic tordye

in both cases during the stating up with no load an
K, =5000 and the constant coefficient matkx=1000. after loading at t=1 sec and both oscillates arotfhd

Fig. 7 shows the actual, estimated and the referenc _ Fig. 12 shows the rotational parameters (Sid a
angular speeds. Cos of the estimated rotor position).

At starting, the motor has rapid changing, both the 350

actual and the estimated speeds track the targetsfi | | - je—— e S — — .

t=0.062 sec. The system response converges to the i Target :Speed i

model reference one. 250k -------- P - e - -- =
O ~ : : :

The estimated rotor angular spegxd tracks the actual 91 200 -~ oo e cooTo 7

rotor angular speedw, in a very short time nearIyE 150+ ffAe{uaI:LSpeed———i 7777777777 i 777777777 -

0.003 sec by the virtue of the SUI PI controller. E 100 o o L _

After loading, both the estimated and actual rot i i i

angular speeds dropped but in a very short timebgnd SO -------- . . . 7

the _virtue of the SUI PI controller they returneack ol ——Estimated speed-- -~ L _

again to the reference value (target) in less than2 ! ! !

Sec. % 0.5 1 1.5 2

Time(sec)

At t=0.04 sec an error occurs with angular speed

error=65 rad/sec and at t=0.04 sec the error cgesger Fig. 7. The actual, target and estimated angular

to zero in 0.0572 sec thanks to the adaptive cbntro speeds at starting and then a sudden loading

algorithm as shown on Fig. 8.

At t=1 sec, with a sudden loading, the speed error
decreases and then return back again to zero &s bot
Actual and estimated speeds areequal. @ SO oo
The speed error between the estimated and the 40 - - - - - - - -~~~ 4
reference is the input to the SUI PI controller t

regulate it and the output of the controlleirqrig .

Fig. 9 shows the motor electromagnetic torque, g

which starts smoothly and at t=0.05 sec it becoin@s

N.m then from t=0.06 sec to t=0.128 sec, the

electromagnetic torque was oscillating aroundNon o 0.5 o1 1.5 2
. . Time(sec)

and then it returned back again to M8nwhen load

and then it returned back again to .8n.

Fig. 8. The angular speed error
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Conclusions

This paper presents a sensorless control dSN\@M
using the SUI PID controller and Luenberger adaptiv
observer to estimate both rotor angular speed aad t
rotor position. The efficiency of using luenberger
adaptive observer has been studied and indicatékeon
simulation results in the simulink/ matlab software
package.

This technique of estimation for both rotor alag
speed and rotor position instead of using mechhnica
sensors; increases the system reliability and esitie
system cost.

The adaptive with control algorithm for the aot
angular speed associated with the SUI Pl speed and
current controllers show good performances atistart
and at sudden loading condition.

APPENDIX

Motor parameter used in the simulation:-

Powe 1.7 KW
Frequenc 150 Hz

Line Voltage 380 V- Stai
Line Curren 3.4 A- Stal
No. of Pol¢ Pairs 3
RatedangularSpee! 314 rad/se
Stator Resistan 2Q/ phase
d- axis Inductance(L, ) 7.75mH

g- axis Inductance(Lq) 7.75mH

EMF Constar 0.09¢V/rad/se:



Friction Coefficien 0

Moment of inertic 0.00037Kg.m?
coefficient

Load Torqu 1.5N.n
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