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Abstract

A DSP-based robust nonlinear speed control of a permanent magnet synchronous motor(PMSM) is presented. A
quasi-linearized and decoupled model including the influence of parameter variations and speed measurement error on the
nonlinear speed control of a PMSM is derived. Based on this model, a boundary layer integral sliding mode controller to
improve the robustness and performance of the nonlinear speed control of a PMSM is designed and compared with the
conventional controller. To show the validity of the proposed control scheme, simulations and experimental works are carried

out and compared with the conventional control scheme.

I. Introduction

PMSM drives are being increasingly used in a wide range
of applications due to their high power density, large torque
to inertia ratio, and high efficiency. This paper deals with the
nonlinear speed control of a surface mounted permanent
magnet synchronous motor with sinusoidal flux distribution.
Since the dynamics of the currents is much faster than that
“of the mechanical speed, the speed is considered as a constant
parameter rather than a state variable and they can be
approximately linearized by the field orientation and current
control [1-4]. However, for low power servo drives, this
approximate linearization leads to the lack of torque due to
the incomplete current control during the speed transient and
reduces the control performance [5-6].

A solution to overcome this problem proposed by Le
Pioufle [7] is to consider the motor speed as a state variable
in electrical equations, which results in a nonlinear model.
Then the nonlinear control method, so called feedback
linearization technique, is- applied to obtain an exactly
linearized and decoupled model and the linear design
technique is employed to complete the control design [8].
Since the nonlinear controller is very sensitive to the speed
measurement error, even small error of speed measurement
results in a significant speed error and its robustness can be
improved by carefully selecting the control gains in the linear
control loops [7]. However, besides the speed measurement
error, there are parameter variations such as the stator
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resistance, flux, and inertia due to the temperature rise and
load variations. The stator resistance and flux variations also
show a steady state error and the inertia and flux variations
degrade transient performance. The steady state error may
also go to zero by propetly choosing the linear controller
gains. However, the transient performance can still be
significantly degraded due to the inertia and flux variations.

The feedback linearization deals with the technique of
transforming the original system model into an equivalent
model of a simpler form, and then employs the well-known
and powerful linear design technique to complete the control
design. However, it does not guarantee the robustness in the
presence of parameter uncertainties or disturbances and the
drawbacks of the conventional nonlinear control scheme
result from this fact. To overcome these drawbacks, we
consider the feedback linearization technique as a
model-simplifying device for the robust “control {9].
Therefore, in this paper, a quasi-linearized and decoupled
mode!l including the influence of parameter variations and
speed measurement error on the nonlinear speed control of a
PMSM is firstly derived and then the robust control scheme
employing a boundary layer integral sliding mode is designed
to improve the control performance for both the transient and
steady state.

IT. Nonlinear Speed Control of PMSM
Using Input-Output Linearization

1. Modeling of PMSM

The machine considered is a surface mounted PMSM and
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the nonlinear state equation in the synchronous «; reference
frame can be represented as follows :
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The variables and parameters used in these equations are
defined as follows :

vas w, . Stator voltages in the direct and quadrature axes
igs L, @ current and inductance in the direct axis’

i,, L, : current and inductance in the quadrature axis
R : stator resistance

2 : mechanical speed of motor

P : number of pole pairs

o : flux linkage created by the rotor magnets

J : moment of inertia

F : viscous friction coefficient

7, : load torque

fi» f» 4 : nonlinear terms in a PMSM model.

2. Nonlinear Speed Control of PMSM

In order to get a total input-output linearization, the direct
axis current and mechanical speed are chosen as outputs.
From eq.(1) and the assumption that the load torque is
considered to be an unknown constant, differentiation of the
output is taken until the direct relationship between the
outputs and inputs of the model can be obtained as follows
[7-9] :
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Because the order of eq.(1) is same as that of eq.(6), there
is no internal dynamics. The nonlinear control input which
permits a linearized and decoupled behavior is deduced from
this relationship as follows :

o) o

where 1, and , are the new control inputs. By Substituting

“€q.(9) into (6), the linearized and decoupled model can be

given as
.
“E=n (10)
2
‘fﬁiz = vpe _ 11

As the control laws for the new control inputs, the linear
controller suggested by Le Pioufle becomes as follows [7] :

V1=K11(i;_ iq) 12)
2

uzz%g—+K21%(Q'—Q)+K22(Q'“Q ) a3

where K, K, and K, are the gains. Also, i, and o' are
the tracking commands of the direct axis cument and
mechanical speed of a PMSM, respectively. As a result, the
following error dynamics can be obtained as

de 1

7+K11 elzo (14)
& d
P+ En~gf +Kney=0 (15)
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Fig. 1. Block diagram of the conventional nonlinear
control scheme.

where ¢, =it—i,, e,= —0. The poles for the desired error
dynamics can be chosen by properly selecting the gains using
a binomial standard form, etc. [10]. The overall scheme of
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the conventional nonlinear speed control system is shown in
Fig. 1. As shown in this figure, by employing a rectilinear
asymptotic speed trajectory generator, the acceleration
command is within the maximum permissible value of a
motor. As a result, the quadrature axis current can be made
not exceed its maximum permissible value [7]. '

3. Asymptotic Load Torque Observer

For the control scheme proposed in this paper, the
information on the acceleration is needed for state feedback
and can be calculated from eq.(1). For this, it is generally
required to know all the inputs given to the system. However,
in a real system, there are many cases where some of the
inputs are unknown or inaccessible. For the unknown and
inaccessible inputs, the observer was studied by Meditch and
Hostetter and a 0O-observer is selected for simplicity [11].
Thus, inaccessible load torque( 7,) is assumed to be an
unknown constant. For a PMSM, the system equation for a
disturbance torque observer can be expressed as follows :

dz

di =Dz+ Ew, y=2= Cz (16)
where
19\ [z ~ —=F -1 _ 3P0 _ .
z—( TL)—(Z;)‘D_[ ({ ({ ]E—{ 261 ],C—(l 0), w=i,

For this system, (D, C) is observable. The well-known
asymptotic load torque observer can be designed as

dz

ur =Dz +Ew+L(y—CZ ) a7

where Z is the observed value and L= (/4 5, )7 is the

observer gain matrix.

III. Quasi-Linearized and Decoupled
Model and Proposed Control Strategy

1. Quasi-Linearized and Decoupled Model

The actual nonlinear control input which employs the
nominal parameter values and mechanical speed measured by
a speed sensor is expressed as follows [7] :

()= (2]

where v, and v, are the new control inputs and A4,, B,
are obtained from eqs.(7) and (8) using the nominal
parameter values and measured speed. By Substituting eq.(18)
into (6), a quasi-linearized and decoupled model can be
obtained as follows :
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where the subscript "0” denotes the nominal parameter values
and measured mechanical speed of motor. Unlike the
linearized and decoupled model of eqs.(10) and (11), there
are unwanted nonlinear terms £, (x) and 7, (x), and control
input gain 5 for the quasi-linearized and decoupled model of
egs.(19) and (20), which can degrade the control
performances.

The unwanted nonlinear terms f,(x) and f,(x») are not
exactly known but can be estimated as 7,(» and 7, (x
and the estimation errors are bounded by some known
functions F,(x) and F,(x. The control input gain 5 is also
unknown but its bound can be deduced. Now, we consider
the feedback linearization technique as a model-simplifying
device for the robust control (9], and the new control inputs

v, and v, are derived using a boundary layer integral
stiding mode control technique to overcome the drawbacks of-
the conventional nonlinear control scheme.

2. Control Strategy for the Quasi-Linearized and
Decoupled Model .

Assume the bounds of parameter variations and speed
measurement error as follows :

R=aR,, am(=1.)<a<a,x(=1.5)
=8, Bmn(=1)<B<Brm (=4.)
O=70,, Ymn(=0.8)<y<7m(=1.2)
2=068y, Cmn(=1./1.05)<8<8 1 (1./0.95). 21

Fa( and  7,(», and the
Fu(» of 1,00, fa(x) for the
quasi-linearized and decoupled model can be obtained as

follows :

Using eq.(21), the estimates
estimation error bounds F,;(x),
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The bound on control input gain is

_ 7 min — — 7 max —
bmin(_ Bmax O-Z)Sbs bmax( Bmin 1-2)' (26)

Using egs.(22) through (26), the design problem of the sliding
mode controller for the quasi-linearized and decoupled model
of egs.(19) and (20) is well introduced in a previous work
[9]. The boundary layer.integral sliding mode controller is
considered to avoid the chattering phenomenon and the
reaching phase problem [9, 12-13]. The sliding surface s, is
chosen for the input-output decoupled form of eq.(19) [9, 14].

¢ ¢
312(% +/11)jo\eldt= eI+A1fO eldt_ 21(0) (27)

And the control law for , is designed to guarantee

315:1<_ 7]1|311 as
Vo= @l—klsat(%l> (28)

where  Yi=- f.—Ae, m=F,+n, and sa(-) is the
saturation function. Also, 4, and 5 are the strictly positive
constants. From eq.(27), it can be noted that s, =( from time

t=( and there is no reaching phase problem.
From the bound on control input gain » of eq.(26), the
geometric mean 5, can be defined as

bm= (bmin bmax)l/2 - g::(zt‘:; )1/2' (29)

The bound on % can then be written in the form of
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The sliding surface s, is chosen for the input-output
decoupled form of eq.(20) [9, 14].
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And the control law for ,, is designed as shown in eq.(32)
to guarantee s,5,<— 75! 55/

S T kzsat(%) ) 32)

where  D,=— Fo—24, dey/ di— ey, y= WFpt 7o) +(T—=1)| Vols
and 1, and 7, are strictly positive constants. From eq.(31),
it can also be noted that s,=( from time ¢=( and there is

no reaching phase problem.

The bounds of uncertainties of the unwanted terms needed
for the robust nonlinear control are obtained by deriving a
quasi-linearized and decoupled model and the robustness is
obtained by using these bounds to generate the control inputs
which compensate the parameter uncertainties and speed
measurement error. The overall scheme of the proposed
robust nonlinear speed control system is shown in Fig. 2.

Asymptotic Load

T/ Torque Observer =

Robust Nonlinear Controlier

comroimpn | Bo(x) Ko x=H(x}+Gu

T
s Generator Ky ‘
¥ ! T
0

Vg PMSM

. g| Silding Surface | Control Input
I Generator = Generator
M
A

Rectilinear Asymptotic e Qe
Speed Trajectory Generator  a— i

‘5:

Fig. 2. Block diagram of the proposed robust nonlinear
control scheme.

IV. Simulations and Experimental
Results

1. System Configuration

The simulations and experimental works are carried out for
the PMSM with the specifications as listed below.

R,=30km, L,= L,=7mH, ®,=0.167 Wb,
J,=1.314 10 *Nmsec*, F=2 +10 ~*Nmsec, P=2
rated speed= 3000 RPM, rated power=400W, rated torque=1.27ANm.

The configuration of the DSP-based experimental system is
shown in Fig. 3. The main processor of the experimental
system is a floating point Digital Signal Processor
TMS320C30 with clock frequency of 32MHz [15-16]. The
PMSM is driven by a three phase voltage source PWM
inverter using an intelligent power module with a switching
frequency of 7.8 kHz. The brushless resolver and resolver to
digital converter are used to detect the absolute rotor position
and speed of the PMSM. The resolution of detected position
is selected as 12 bits. The phase currents are detected by the
Hall-effect devices and the measured analogue signals are
converted to digital values using the Analog to Digital
converter with a 12 bit resolution. The PWM gate firing
signals for the desired phase voltage commands are generated
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by using the space vector modulation technique [17]. The
sampling period of the control system is set as 128 usec.

Voltage Source Inverter

FIT )0 )
Cf% h

HOST | | |
PC486
¥ PWM % Gate Firing
RS232C , Port == Signals
DSP

/" Phase Current
TMS320030 | % L/ - ’ -
>

12 Phase Current
12 PMSM

Position, Speed *
- v RDC

12

_/ Resolver

) Load
Fig. 3. Configuration of DSP-based experimental system.

To examine the performance of the proposed control
scheme, the dynamic behavior of the control system is tested
under the inertia or flux variations in the acceleration region
with the acceleration time of 20 msec.

2. Simulation Results

To show the validity of the proposed control scheme, the
computer simulations are carried out for the systems shown
in Figs. 1 and 2 under various conditions. Fig. 1 shows the
overall block diagram of the conventional nonlinear speed
controller and Fig. 2 shows the proposed robust nonlinear
speed controller. The design parameters ( K;; = 2700,
K, =900, and K, =3810000 ) used for the conventional
nonlinear control scheme are selected to obtain nearly the
same performances as those of the proposed control scheme
when there are no parameter variations or disturbances. For
the proposed robust nonlinear control scheme, the design
parameters are selected as A, = 2700, A, =900, » =1, 7,=10,
#,=0.005, and ¢,=5000. It can be noted from eq.(31) that
the sliding surface is a weighted sum of terms related to a
tracking error and the large boundary layer thickness does not
mean a large tracking error [9]. The observer gains used for
the asymptotic observer are selected as 5, =1796.67 and
I,=—21.024 to locate the double observer poles at -400
when there are no parameter variations. Figs. 4(a) and (b)

- show the speed résponse and quadrature axis current under no
inertia variation( /=7, ) for both control schemes. Figs. 5(a)
and (b) show the same phenomena under the inertia variation
of +200%(J=37J,). As shown in Figs. 4(a) and 5(a), the
conventional nonlinear control scheme shows significant
degradation in the transient response. Under the inertia
variation of +200%, it shows the enhanced overshoot of 12%
and prolonged settling time of 70msec. However, as shown in
Figs. 4(b) and 5(b), the proposed robust nonlinear control
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(a) Conventional control scheme
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Fig. 4. Speed response and g-axis current under no inertia

variation.
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(b) Proposed control scheme

Fig. 5. Speed response and g-axis current under +200%
inertia variation.
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scheme shows a good performance without such a
degradation. Fig. 6(a) shows the speed response and
quadrature axis current with inertia variation of +50% only.
And, Figs. 6(b) and (c) show the speed response and
quadrature axis current with inertia variation of +50% and
+10% flux variation for the conventional nonlinear control
scheme and the proposed robust nonlinear control scheme,
respectively. As shown in Fig. 6(a), for the inertia variation
of +50% only, it shows overshoot of 6% and settling time of
30msec. On the other hand, as shown in Fig. 6(b) for the
inertia variation of +50% and +10% flux variation it shows
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(a) Conventional control scheme under +50%
inertia variation only
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(b) Conventional control scheme under +50%

inertia variation and 10% flux variation

Speed|RPM]

enhanced overshoot of 17% and prolonged settling time of
45msec. From Figs. 6(a) and (b), it can be noted that the
additional degradation in the transient response is occurred
due to flux variations. However, as shown in Fig. 6(c), the
proposed robust nonlinear control scheme shows a good
performance without such a degradation.

3. Experimental Results

The experimental works are carried out for the conven-
tional and proposed control schemes. The same design
parameters given in the previous section are used in both
control schemes. The dynamic responses for both control
schemes under the various conditions are shown in Figs. 7-9.
As shown in Figs. 7(a) and 7(b), both control schemes
provide a good dynamic response corresponding to the design
specifications when there is no inertia variation( J=7,).
However, when the inertial load is increased( /=37,) in the
conventional nonlinear control scheme, the overshoot and
settling time are increased up to 12% and 50 msec as shown
in Fig. 8(a). On the other hand, the proposed improved
nonlinear control scheme provides the nearly same responses
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Fig. 6. Speed response and g-axis current with inertia
and(or) flux variations.

P A TPy . Frvn dalan wh A aih b e A by,
© = f L) | it M LA 'V(i'71 s A b £ 'ha it Ll Aoy b B
- - peed Commean:
PRI Y [" i
L ptpamestdbesrisepmcpmmons
g ] / {l Specd(d00npmidiv
T’.UANS L / 1
00y ,/ t
A+ e
3 ]
S oms hd
ENOR N .
ey qxis cgrrent( JOA/div)
T et £
T

(b) Proposed control scheme

Fig. 7. Speed response and g-axis current under no inertia
variation [experiments].
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for both cases as shown in Figs. 7(b) and 8(b). As shown in
Fig. 9(a), for the case of +50% inertia variation only, the
conventional control scheme shows overshoot of 5% and
settling time of 45msec. From Figs. 9(b) and 9(c), for the
‘case of +50% inertia variation and +10% flux variation, the
conventional control scheme shows increased overshoot of
10% and settling time of 50msec. However, the proposed
control scheme also provides a good response. It can be
observed from the experimental results in Figs. 7(b), 8(b) and
9(c) that there are no control chattering in the quadrature axis
current by employing the boundary layers [9]. Even though
some differences exist between simulations and experimental
results mainly due to the unknown friction coefficient, and so
on, it can be considered that the above simulations and
experimental results well verify the validity of the proposed
robust nonlinear control scheme.

Fig. 10 shows the values of sliding surfaces s; and s, for
the proposed control scheme when there is an +200% inertia
variation. It can be noted that the sliding surfaces are
bounded within the boundary layers and these values are
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Fig. 8. Speed response and g-axis current under +200%
inertia variation [experiments].
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Fig. 9. Speed response and g-axis current under inertia
and(or) flux variations [experiments]

zeroes at the beginning of control actions. Therefore, it can
be said that the sliding conditions are satisfied from the
beginning of control actions without reaching phase
problems.
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V. Conclusion

This paper proposes a robust nonlinear speed control
scheme for a PMSM which guarantees the robustness in the
presence of parameter variations and speed measurement
error. The influence of parameter variations and speed
measurement error on the nonlinear speed control of a PMSM
is investigated and a quasi-linearized and decoupled model is
derived. Based on this model, the design methods for the
proposed control scheme have been given using the boundary
layer integral sliding mode control technique. The bounds of
uncertainties needed for the sliding mode control are deduced
and the robustness is obtained by using these bounds to
generate the control inputs which compensate the parameter
uncertainties and disturbances. By introducing the boundary
layer integral sliding mode technique, the chattering
phenomenon and- reaching phase problem can be avoided.

To show the validity of the proposed control scheme, the
comparative simulations and experiments were carried out
under various conditions. The distinctive results of this study
can be summarized as follows. Compared with the
conventional nonlinear control scheme, the proposed robust
nonlinear control scheme provides good transient responses
for the inertia variations and flux variations. For the proposed
control scheme, the chattering phenomenon and reaching
phase problem can be avoided by introducing boundary layer
integral sliding mode technique. It can be said from these
results that the proposed control scheme has the robustness
against the unknown disturbances. Therefore, it can be
expected that the proposed control scheme can be applied to
the high performance applications such as the machine tools
and robots.
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