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Abstract: - This paper deals with the Permanent Magnet Synchronous Motor (PMSM)parameters identification
and speed estimation problems. It proposes a solution to adjust PI parameters of speed observer and identifies
stator resistance, d-axis and g-axis inductance. In fact, there are a lot of methods for estimating the speed. For
example, high frequency injection, Kalman filter and model reference adaptive system(MRAS). However, with
the motor running, some parameters will change. Such as the stator resistance will change with the increase of
temperature. These parameters are useful for estimating the speed. So, it is necessary to identify parameters. In
this paper, MRAS is the theoretical basis. First, the adaptive law of speed observer is constructed through
Popov stability and propose a method to adjust PI parameters for the speed observer. This method has a strong
adaptability and transplantation. Then, the adaptive laws of stator resistance, d-axis and g-axis inductance are
constructed through Lyapunov stability and the Popov stability, respectively and compare their results. The
stability of the proposed observers are also discussed. Last, this paper uses field oriented control(FOC) strategy
and illustrates the obtained results through simulation.

Key-Words: - Permanent magnet synchronous motor. Parameter identification. Speed estimation. Model
reference adaptive. Adjust PI parameters. Stability.

1 Introduction sliding mode observer, MRAS, Kalman filter, and

In recent years, with the development of power other sensorless scheme are also developed[4]. These
electronic technology, AC servo system has been ~ Mmethods are more and more concerned by
paid more and more attention and research. The researchers for their good robustness. On the other
PMSM has the advantages of small size, high  hand, the parameter value of PMSM is very
efficiency and high power density, which plays an ¥mp0rtant for the control of the system[3]. With the
important role in AC servo system and has been ~ increase of temperature, the resistance and
widely used in high performance drive system[1-3]. inductance of the motor windings will change[5.6].
At present, FOC or direct torque control (DTC) is ~ For sensorless control, these parameters are
usually used in the drive of PMSM for control important. So, it is necessary to identify these

strategy. However, either for the control strategy, the ~ Parameters at the same time as estimating speed.

speed and rotor position angle are required. At MRAS has the advantages of simple algorithm,
present, there are two schemes for obtaining the two ~ €asy to implement in the digital control system, and
parameters, namely, the sensors and sensorless. In has the advantages of faster adaptive speed. This has

sensor, this can directly obtain the position  been proposed and applied to the PMSM sensorless
information through installing encoder and hall control[7]. There are two different models. One is the

sensor. But this scheme will undoubtedly increase reference model and the other is the adjustable model
the cost of the design of the system, and the including the identified parameters. The deviation

adaptability is also relatively weak .In sensorless,  Signal of the output of the two models send to the
first proposed and most simple method is back  adaptive mechanism, and then the output of the
electromotive force, but at the low speed, the back adaptive mechanism are the identified parameters [8].
electromotive force is small and the accuracy is not ~ From the current research, the emphases of MRAS
high. Another more mature method is high frequency =~ Method  parameter identification — are  the
signal injection, This approach relies on external estabhshrpent of gdjustab.le rnqdel and .the
incentives and also requires the motor itself has a  construction of adaptive law in adaptive mechanism.
convex polarity, it doesn't apply at high speed[1]. They are rella.ted to the accuracy of the identification
With the development of modern control theory, ~ @nd the stability of the system.
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For speed estimation, there are two equations as
adjustable model. One is stator flux linkage
equation[9], and another is stator current equation.
However, for parameters identification, there is only
stator current equation. So, this paper chooses stator
current equation as adjustable model. For the
adaptive law, there are also two method, Lyapunov
stability and the Popov stability, respectively. There
is a PI regulator in adaptive law using Popov stability.
But wusing Lyapunov stability, there is only a
integrator[10.11].

In [12-15], the basic theoretical knowledge of
MRAS theory for estimating PMSM speed was given,
and the q axis and d axis equation of stator current
using for adjustable model was described. The
adaptive law was constructed by Popov stability
theory. These establish the theoretical foundation for
this paper. In [16], it identified the stator resistance,
d-axis and g-axis inductance and rotor flux linkage,
but speed is acquired by sensor. In[17], used MRAS
made sensorless control in the case of load changes.
This fully demonstrates the good robustness of the
MRAS. In[18], used fuzzy controller to adjust the
parameters of the PI regulator in the speed observer
based on MRAS. The whole system had a good
dynamic and steady performance in a wide speed
range. In[10.11], constructed adaptive law by Popov
stability and Lyapunov stability analysis method for
parameter identification, and made a contrast. But
the speed was also acquired by sensor. In[19-21],
they established different adaptive laws according to
different stability. The performance of the system is
different from that of the adaptive law. In[22], the
stability of MRAS system was analyzed and the
transfer function of the system was constructed with
the modern control theory, and analyzed the transfer
function. It also identified stator resistance based on
these.

In summary, the problem of using MRAS to
estimate the speed or identify parameters is the
construction of adaptive law. If using Popov stability,
the problem is adjusting PI parameters of speed
observer.

First of all, this paper use q axis and d axis
equations of stator current as adjustable model. Then,
for speed estimation, the adaptive law is constructed
by Popov stability. The stability is analyzed through
modern control theory and the transfer function of
the speed observer is constructed. The PI regulator in
the speed observer can be used as the adjustable link,
and use root locus analysis to adjust the ratio of PIL
This method is simple and effective, and avoid the
complex algorithm of fuzzy PI in [18]. For
parameters identification, the adaptive laws are
constructed through Lyapunov stability and the
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Popov stability, respectively. By comparison, it can
be seen that the former is better than the latter. Also,
if you use the latter, it need to adjust the PI
parameters and consider the problem of rank, this has
brought inconvenience. Final, this paper use FOC as
a control strategy and give the result verification
through simulation. It can be seen that the viewpoints
and methods proposed in this paper are feasible and
effective.

2 Speed estimation
2.1 Mathematical model of PMSM
The stator voltage equation of the surface mounting

PMSM in d-q axis:
u R +DL I 0
[d}:{ y }PH } 0
Mq a)rLd lq l//ra)r
Where
Uy U, , i, , are the stator voltage and current of the

~w,L,
R +DL,

motor in the d-q axis.

R , L L, are the stator resistance and the
inductance of the d-q axis.

D is differential operator.

. andy, are rotor electric angular speed and flux.

d

S b

According to the equation (1), the stator current state
equation can be obtained.

R u,
. - o, -
ld Lv ld Ls
D|‘|= ‘ Nk (2)
I, w _& I, u,~y,o,
r LS LS

For surface mounting PMSM, L, =L =L, Motor

use for reference model and the equation (2) use for
adjustable model. For speed estimation, R_ and

L can be regarded as fixed values So, the adjustable
model for speed estimation can be given.

R, A Us
o A L
1 ) 1 s
ol =] Y] e
i - —_ i l uq _l//r a)r
q r q
L, I
Defined state error:
A A
&y =1y —1,,6, =1, 1, 4)

The state error equation of equation (2)
subtracting equation (3) can be given.
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Written state space expression:

Dg = Ac+Bu

2.2 Adaptive of speed observer design
MRAS basic block diagram of speed estimation is
shown in Figure 1.

(6)

reference model
(the motor)
u d LN
u—> adjustable model
9 | (equation\(3))
A
o, Adapti.ve
mechanism
Figure 1: MRAS basic block diagram of

speed estimation

Obviously, the stability and precision of the system
is related to the construction of the adaptive
mechanism. From Figure 1, it can be seen that the
adaptive mechanism is related to the state error
equation (5). The structural diagram of the equation
(5) is shown in Figure 2:

Forward
channel

Adaptive law

Feedback
channel

Figure 2: Equation (5) structure diagram

For speed estimation, the adaptive law is constructed
by Popov stability. So, the conditions for the stability
of Figure 2 are about two sides. One is the zero pole
of the transfer function of the forward channel in the
left half of the s domain. Another is feedback
channel to satisfy Popov stability.

For first condition, the transfer function of forward
channel can be deduced according to modern control
theory. Its state space expression is:
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&= AE +u (7)
y=&
transfer function:
R,
s+ f
H(s)= : (8)

2
R, [RY ~?
e e 0
LS LS

Its pole-zero loci is shown in Figure 3 for a range of
o, starting at -200 up to 200rad/s. From the graph,
we can see that with the increase of the speed, the
poles also have negative real parts. So this condition

is confirmed.

Pole-Zero Map
200 — < - =
Q,84 0.72.. 0.58\_0.44 0.3 0.14
150 92 ‘ NP \ e
100
98
£ 50¢ .
2 ¥ | SRR )
fay 300 250 200 150, 100, "
g 0 I o
£ ‘ ,
-50 f .
£ 98
-100
-150 [ §92. . PN
084" . 0727 058 04403 0.14
200 ; . 072 - 058 04403 014
-350 -300 -250 -200 -150 -100 -50 0
Real Axis
Figure 3: The pole-zero loci of H(s) about range of

o, starting at -200 up to 200rad/s

For second condition, the derivation of Popov stability
is introduced in above literature, and it’s not
described in this article. The adaptive law can be
constructed by Popov stability.

w:KiI(gdiq — &1, — €&, %)dﬂr

yY 9)
K, (gdiq —&,1,—&, L’]+a)y (0)
2.3 PI parameter adjustment of speed

observer

The adaptive law of the observer is constructed in 2.2,
equation (9). So, the MRAS structure diagram can be
obtained in Figure 4.
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Figure 4: MRAS structure diagram

The dotted line in Figure 4 is represented by the state
space expression.

&= Ae+ Bu (10)
y=B'¢
So, its transfer function is:
2
(F+§J f+[g+ij
G(s)=—ro - (11)

2
R R A2
R s e
L, L,

It can be find that this has the same zero pole
distribution with equation (8).

Further simplify about figure 4:

+
ot~ U G(s) @
r
Figure 5: MRAS simplified structure diagram

So, this can be used to adjust the parameters of the PI
regulator by using the root locus analysis method for
the simplified structure diagram of Figure 5, and make
the system to achieve the desired results. Because the

value of i,andi, are relatively small. so they can be

neglected. This can get the open-loop transfer

function of system.
* R
k|s+—=|(s+z

G.(s)= . (12)
/\2
s3+2£s2+ & +w, |s
LS LS
2 k
Where, "=k V. ,z=—L.
PL? k,
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So, this can determine the value of k" and z to
make the system to achieve the desired results, thus

determining the value of & andk, .

Firstly, it need to confirm z. With the increase of z,
the root locus bend to S domain left half plane, as
shown in Figure 6.

Root Locus

D,065 093

0.986 Z increase

‘0997 |

Imaginary Axis

fooe7 LT

0986

965 . 093 088 0T
800" ‘ S £ :
3000 -2500 -2000 -1500 -1000
Real Axis

the root locus of different z

-500 0

500

Figure 6:

In fact, the value of & in general systems is 0.707
principle. So, this
determine the range of z in Figure 6 to make it has
closed loop poles of & equal to 0.707. Through the
test, it can obtain that z>670.

Then, find two closed loop poles of & equal to

by automatic control can

0.707(Imaginary part symmetry). This can determine
the value of k" and find another negative real pole

according to the value of k& . Through the test, the
table 1 of the data can be earned.

Table 1: Closed loop poles of different z values

*

Imaginary Negative

No. z part poles real pole k

(1) 670 358+358i -300 340
2) 750 292+292i -282 190
3) 800 279+£278i =277 159
4) 1000  255+£256i -273 105
(&) 2000  227+228i -263 40.2

186

Finally, according to the above data can get the
system step response, as shown in Figure 7. So, it
can be find the data of meeting the system
performance to determine the parameters of the PI
regulator.
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Step Response
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Figure 7: the system step response

according to Tablel

It can be seen from the figure that the performance of
No.(1)is better. This means that the imaginary part
poles are in the left side of the negative real pole and
the lateral distance is the largest. This can determine
the parameters of the PI regulator.

The above analysis is aimed at @, equal to 120rad/s.
So in the case of the No.(1), the system step response

under different @, .

Step Response

L4y 1.02
19l > T 120rad/s
: 1.01F —] - 110rad/s
——
17 ; - - 10orads
R ! 1 ! 90rad/s
[0} L //
E 0.8 0.99l /’/’,’/ = 150rad/s
s /i
<06[ 098t |1/
0.4f 48 5 52 54 56 58
x10°
0.2f
0 ‘ ‘ ‘ ‘ ‘
0 0.01 0.02 0.03 0.04 0.05
Time/s
A
Figure 8: the system step response of different .

according to No.(1)
From figure, it can be seen that the step responses of
the system are similar to 120 when under 120, and
the response time is better than 120. But when higher
than 120, the system performance becomes bad. So,

in the PMSM speed control system, the value of @,

should be appropriate. And this can make the
observer have a good response in a wide range of
speed.

3 Parameters Identification
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3.1 Adaptive law parameters identification
based on Lyapunov stability

Because speed estimation is based on Popov stability,
parameters identification does not need to
consider the problem of rank based on Lyapunov
stability .

For parameters identification, @, can be regarded as
fixed values. So, the adjustable model for adjustable
parameters can be given.

il e o i u, b
p|“|<| el e |
I -0, -—alll, (uq—(//,,a) )b
A R A A
Where, a=—,b=1L, .
L

S

The state error equation of equation (2) subtracting
equation (13) can be given.

Y w

g, &\ | = A u A
D = ! J{ _d}(a—aj+[ ! }[b—b)
& — _2 41 ™% A
(14)
Written state space expression:
De = A&+ Bu, +Cu, (15)

So, MRAS basic block diagram of parameters
identification is shown in Figure 9.

reference model
(the motor)

LN

u—> adjustable model
9 | (equati 3))
A a
b Adaptive
mechanism

Figure 9: MRAS basic block diagram of
parameters identification

There are two methods to construct adaptive law.
One is Lyapunov stability and another is the Popov
stability.

Definition ¢ =(u, u,), s=(B, C)T

Equation (15) becomes:

De=Ae+¢'s (16)

The design of the Lyapunov equation:

Volume 12, 2017



WSEAS TRANSACTIONS on SYSTEMS and CONTROL

V(X)=%(5TP5+ 4T 9 (17)

Drelo 1)

According to Lyapunov stability second method. If
the system is stable, two conditions should be met.
One V( X ) positive definite, another is

V(X ) negative definite. Because the P and I

1
Where, P =

0
is

are positive definite, ¥(.X)is positive definite.

V(X)=%[8 Pe+ gTP:a")Jr
(18)
1(-7 ;e
5(¢ Lo+ g r¢}
Where

T

<;‘ Ps=¢ A"Ps+s" ¢Ps
&P 5 = ETP(A] g) + gTP( ¢Ts)

.T . L] L]
@ F¢+¢TF¢:2(ul u+u, uzj
So, Equation(18) becomes
v (X) :lgT(PAl +ATP)e+
? (19)

%(ST¢P8 + ETP(¢TS)) + (u, u+u,u,

)

r -a 0] . .
Because P4 +A4 P= 0 1S negative
—a

. 1 . .
definite, 5 g’ (PA1 + A,TP) & is negative
definite.

To meet the condition about V(X ) is negative

definite, we can let
1/, T T ) )
E(S PPs+¢ P(¢ s))+(u1 u+u, uzj =0
By calculation, we can get:

u, (“I_gdld —5qzq)+

u, (u2+ EUy T EU, —Y,0,

J-o0

=—g,u, —EM, +Y,0,

U =&,y U,

+6‘qlq,

So, the adaptive law can get.
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A

a=a(0) —J.(é‘did +€qiq)dt

b(0)+j(€dud +Eu, — t//,,a),)dt

b=
3.2 Adaptive law parameters identification
based on Popov stability

Because speed estimation is based on Popov stability,
parameters identification need to consider the
problem of rank based on Popov stability .

For parameters identification of stator resistance,
o, and d-axis and g-axis inductance can be regarded
as fixed wvalues. So, the adjustable model for
adjustable parameters can be given.

R u,
A R
i .
p||=| Y (20)
'/\ > '/\ u - W}”a)}’
I o 3 R, I qL—
r L s

The state error equation of equation (2)
subtracting equation (20) can be given.

R i
B TN _d
& L e L A
TH? S e
g, pLEd |
—w -
I > L L

According to 2.2, the adaptive law stator resistance
can be derived according to Popov stability.

A g, tei
RszKRiJ.L_%jdH

KRp (_gdldL——i_gqlqj + ISS (0)

Also, for parameters identification of d-axis and
g-axis inductance @, and stator resistance can be

(22)

regarded as fixed values. In the same way, the
adaptive law stator resistance can be derived.

&y (”d - R, ) +

1
—=K,, t+
Ij ) I & (uq — R, _l//ra)r)
N ‘ (23)
&, (ud—Rsld)-l- . 1
7, (uq—RSiq—t//ra)r) LAS(O)
For the adjustment of K, K, , K,, K, ,we

can use the method of 2.3.
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4 Simulation results basis.
Table 2: Simulation parameters
. . PWM
In this paper, the field oriented control (FOC) model U period s R, v,
of PMSM is built firstly in Matlab/Simulink. Then
build the adjustable model and adaptive law, as 310V SKHZ  8.5mH 2.8758chm 0.175V.s
shown in Figure 10. The parameters involved in this Table 3: PI lat ¢
paper are shown in Table 2. To verify the PI able 5. T reguialor parameters
parameter adjustment in the speed observer, R and No. kp k;
L can be regarded as fixed values. The PI regulator 83 00485 3533765
parameters as determined by the value of the Table 1 ' '
) 3 0.37 296
are shown in Table 3. And then the parameter (%) 025 750
identification of R_and L_ is performed on the 5) 0.1 200
r-r—-r—-————-——-—""""">"""7""/"""7""""= 1
i Ag i iy A‘i‘\ iy E Inverter
Ll %
=T I
I ‘i . PWM
| iy 7y N [<—
e e J
- - - - - - - - - - - oo oo oot _
| Controller i =0+ SVPWM
L, d —= 5> PI 77
:CZ) _+_ ——Ali llci;, 1A o
r d >
:¢Q—> PI »%)7 PI (— ——,| Ipark
E - L ¢ N 1 u_ |
: - n)r A 4 q
L S MRAS
A A A
| st
| ‘I? 15
| S- '
|
|

Sensor value

120

100

Sensor value

0.200 0.202 0.204 0.206 0.208 0.210

Time/s

Figure 11: Simulation results of speed without parameters identification

As shown in Figure 11. In the case of the No.l, the
speed response of the observer has good dynamic
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Then, the given rotational speed

mutation 100rad/s, the observer is still in good
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response.
Then the parameters identification is performed. we
can use the method of 2.3 to determine the values of

Kg» Kg,» Ky» KLp,asshowninTable4.

Table 4: the values of K , Kg,» K> Ky,

911.2 1.36 67 0.1

0.00853 1

=

0.00847

0.0085

Ls/H

0.00844

L L L I
0.05 0.1 0.15 0.2
Time/s

o

0.0151

0.014

0.013 1

0.012

0.011

Ls/H

0.01(]

0.009

0.008

0.007

0.15 0.2

0.006 ‘
0 0.05

0‘.1
Timels
Figure 12: the parameter identification of L_based

on Lyapunov stability(up) and Popov stability(down)

As can be seen from the Figure 12, the up response
speed and accuracy are higher than the down.
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2.8951

2.88

Rs/ohm

2.8651

2.85 ; '
0 0.05 0.1

Timels

0.15 0.2

fi—

Rs/ohm
N

_4 L L L I
0 0.05 0.1 0.15 0.2
Timels

Figure 13: the parameter identification of R based
on Lyapunov stability(up) and Popov stability(down)

As can be seen from the Figure 13, the up response
speed and accuracy are higher than the down.

120+ speed response with

parameter identification
(Popov stabili
speed

t
r&ponse without
para'r’neter identification

2]
o
1

speed response with
parameter identification
( Lyapunov stability)

Y
o
1

Speed response/(rad/s)

0.020
0.16

0.010 0.015

0.08 0.12
Timels

Figure 14: the speed response of different cases

0.00 0.04 0.20

As shown in Figure 14, the speed response with
parameter identification based on Lyapunov stability
is better than Popov stability. We can use this
method to estimate speed and identify parameters
simultaneously.
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5 Conclusion

In this paper, the model is built according to the
stator current d and q axis equations, and the
adaptive law of speed estimation is constructed
according to the Popov stability. A new method for
the PI parameters of the speed observer is proposed.
This method can be based on the parameters of the
motor to quickly locate the parameters of the PI
regulator, which provides a theoretical basis for the
PMSM sensorless control.

Then, for the problems of speed estimation and
parameters  identification  simultaneously, the
adaptive laws of stator resistance, d-axis and g-axis
inductance are constructed through Lyapunov
stability and the Popov stability, respectively and
compare their results. By comparison can be seen
that the former is better than the latter. And the
former do not need to adjust the PI parameters. This
method can estimate speed and identify parameters
simultaneously.

So, this paper solve the problems about PI
parameters adjustment of speed observer and
parameter identification and speed estimation

simultaneously. The feasibility and effectiveness of
this method are proved by simulation results.
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