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Abstract: This paper introduces a sensorless nonlinear control scheme for controlling the torque of a permanent magnet

synchronous motor (PMSM) driving a known load. The states of the motor are estimated via a nonlinear reduced order observer

avoiding the use of mechanical sensors. The control strategy is designed by using the passivity theory, with torque tracking eval-

uvated on estimated values. The system performance is evaluated by simulation.
Key words: PMSM; passivity-based control; reduced-order observer

Document code: A

HTFZiFEER kRGBT IEE & AR H
(EHEBTKEASBEH TRE T H,510640)
BE. i3 kEEI(PMSM)EBR T —F R EFEEREMEL LRGN ZRBEEC MRS ER £
HAEF MR VL ST — IS R O WSk S B R B R B R AL TR AR IR
it dlag I S E B BT E P HIRAE T B2 ! SR 09 A .

XEWR: KEBR; TR, BHRNE

1 Introduction

Recently over induction motor drives permanent mag-
net synchronous motors (PMSM) are performed because
of its high efficiency and high torque in lower speed. So
the high performance drive of the PMSM increasingly
appeals to many engineers. Among many contro] meth-
ods, the control of using passivity as a building block is
most encouraging. The passivity-based control (PBC)
was firstly proposed by Oﬁega[m]. The PBC is devel-
oped fast thanks to its characters such as globally stable,
simple and combination closely with the system physics.
Nicklasson et al'®) have extended this nonlinear control
method to a class of Blondel-park transformable electric
machines. In this paper, a method based on the passivi-
ty of the PMSM is investigated. The resulting nonlinear
control system inherits the benefit of the passivity-based
control and also has its own favorable features.

In PMSM contro! system, the states are needed to
perform the control law. For the system’ s cost and

ruggedness, the observers are needed to estimate state.
Several approaches to obtain PASM state observers have
been proposed. In [4], nonlinear full observers are em-
ployed for speed estimation, but some steady-state error
may still appear. In [5], the implementation of an ex-
tended Kalman filter is proposed. But there are singular
points in existence, and the convergence of the estimated
states is difficult to guarantee. Here a reduced order ob-
server employing nonlinear techniques is designed. The
proposed observer can guarantee the global convergence
with the steady-state error is zero, and the convergence
speed can be controlled.

The paper is organized as follows. In Section 2 the
basic PMSM model from the total energy function is es-
tablished, and the torque-tracking problem is presented.
Section 3 contains the control laws. The nonlinear re-
duced order observer is used to estimate PMSM’ s speed
and position in Section 4. System performance is evalu-

ated in Section 5. Finally, we present some concluding
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remarks and future research.
2 PMSM model

The PMSM model will be established from the energy
point as the induction motor in [ 1]. The machine con-
sists of windings on stator. The permeability of the rotor
core is assumed to be infinite and saturation. All the pa-
rameters are constant and can be measured. For simplici-
ty the stationary two-axes ( af3 axes) are chosen as refer-
ences.

Under the assumption above, the relationship between
the stator flux linkage vector A = [A,,Ag]"and the cur-
rent vector ¢, = [¢,,¢a]" can be established.

A = D.g. + p(gn), (1)
and
2 [cos( npqm ]

L] » #(4n) sin( n,q,,)

[
De_
0

where ¢,, € R is the mechanical position of the motor, L
is the inductance, A, is the amplitude of the flux linkage
established by the permanent magnet and n, is the num-
ber of the pole pairs.

Neglecting the capacitive effects in the windings of the
stator and considering a rigid shaft, the potential energy
of the motor is zero. The system Lagrangian is

1 o .
L(derdmrgn) = 54D Ge+ 2(gn) "9+ % D
(2)
where D,, > 0 is the rotational inertia of the motor.
Applying Euler-Lagrange equations, the state equa-
tions of the af model is

{Deiie + Wi(gn)Gn + Reg. = u, (3)
Dunm = ¥(gerqn) + Rngm =— Tu,
where
qm 0 R,
the control signals u = [u,,us]" are stator voltage.

R, > Ois the stator resistance. R, > O is the motor
damping coefficient, and 7}, is the load torque. The out-
put is the generated torque:
y: = Wilgn)'qe. (4)
After we establish the PMSM model, the control
problem can be formulated as follows:
Consider the PMSM model (3) with measurable out-

puts (stator currents ¢, and rotor speed ¢,,), control u,

known smooth load disturbance 7;, and regulated
signals y. We assume that the torque reference y, is a
bounded differentiable function with known derivative.
The objective is to design a smooth control law that will
guarantee global asymptotic torque tracking and flux reg-
ulation, i.e. xl_i.rB(y - y4) = O with all internal signals
uniformly bounded.
3 Controller design

To design the passivity-based controller, there are
three steps to follow:

Firstly the PMSM system dynamics must be represent-
ed as the negative feedback interconnection of the fol-
lowing passive (electrical and mechanical) subsystems

)

From (3), (4), a conclusion is obtained easily. Ac-
cording to (1], the control law only acts on the electri-
cal part 3, , and treats the effect of mechanical subsystem

g.
H[ ], Zm:(y_TL)}_»q.m'
y

>, as a passive perturbation. To ensure the latter does

not “destroy” the stability of the whole system, the map

from control input to measurable output, i.e. X, must

be strictly passive.

If there is a nonlinear output feedback of the form

u=v+ Wg, - Kg,, (5)

then the dynamic of X, can be described as follows

D.g. + Rud. = v,

kh O

0 kz] '

Taking the time derivative of the total energy of =, ,

where R, = R, + [

thatis, H,: = %q’ZDeq'e , along the trajectories of 3, we
get
H. = ¢ - ¢iR. ..

E O
0 k
proves the strict passivity of 3, .

Since the model is defined in af axes, the “workless
It makes

If choosing K = [ ] > 0, then integration of H,

force” is not found like the induction motor.
the controller’ s design more simple and direct only by
adding the 3/2 linear transformation. On the other hand,
as can be seen from (5), the term W,g,, from the per-
manent magnets must be cancelled. The reason for the
cancellation is that there is a drawback of the scheme.
However, the term is a vector with periodic functions in
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a measurable quantity (position g, ).

The second step is to define a set of attainable currents
ges» 1.€. for a given desired torque the following equa-
tion holds

ye = Wilg.)gh. (6)

Proposition 1 While the desired currents and their
derivatives are defined as
Iq

mZod s

qed = e (7)

g = Je Mg, iy + e niy,
where z,, is chosen to satisfy
ya = Wi(0)z, (8)

with z,4,%,5 € L%, then equation (6) will be satisfied .

Proof According to equation (3)

— sin( q,,,)]

cos(q,,)
and by simple calculation, (6) is obtained from (7) and
(8).

The last step is to find a control law that ensures
}_igcj, = ¢,q that implies ‘l_l.rgy = y4 with intemal stability .

satisfy (7) and

Wi(gn) = Am[

Proposition 2 If ., and ., € L%
in (5) v satisfy
v = D.Gog + ReiGeas (9)
the system can keep globally asymptotic torque tracking
with internal stability.
Proof First we can get the error signal equation by
(3), (5) and (9):
D,j+ R,G=0, (10)

where (} = ¢. — .4 The equation is locally Lipschitz in
state, so there exists ¢ > 0 such that in the time interval
[0, ¢) the solution exists and is unique.

Taking the time derivative of the designed energy

function H,; = %zﬂDeqe along the trajectory (10), we

have H,y = — G.R,; §.. It follows from (5) that R, is
positive, so ‘1_1'3351, = 0 and ¢, is bounded. From
Proposition 1, vy with y is
bounded. So the control law is obtained from (5), (7)
and (9).

Here we initially introduced the passivity-based con-
trol to the PMSM. The method is easily implemented
because it need not perform the nonlinear geometric

it follows that limy =

transformation, compared with the other nonlinear con-

trol. And it also inherits the benefits of the invariance of
the passivity. Then unlike the induction motor the
“workless force” is inexistent because a transformation
does not influence the system’ s passivity. The control
law is obtained from the physics of the system, so the
controller can guarantee the system’ s global stability to
the overall system. Although the electrical subsystem is
already strict passivity, we still reshape the system’s
natural energy by injecting the damping too. It enhances
the robustness of the system and makes it easy to achieve
the control objective .
4 Reduced order nonlinear observer
However, the states ¢,,, q,,,¢. are needed to impie-
ment the control law, so a reduced order observer is
used to estimate the rotor position g, and speed ¢,,. The
observer’s equations are as follows

ddm )

3 o

df [ ]+ 6(q, ém)[ 70} (11)
4Gm dp - 4z

dt

with

& = D' (Wi(§n)"q. + Rudm ~ T1)
and ¢, satisfies equation (3). While the rotor position
and speed are replaced by the estimated value, é, is got-
ten by (3). The matrix of gains G(§,.,d,) is designed
as follows:

Proposition 3 For a given positive definite matrix
P whose maximum eigenvalue is p, if G(§,,4,) is
G'P + PG, and Q
is symmetric, the positive definite matrix and its mini-

found to satisfy the equation — Q =

mum eigenvalue ¢ satisfies
- q+2pm < 0, (12)
where m is a constant related with (13), then the conver-

gence of the observer to zero error is exponential; more-
over its speed is defined by the choice of G(§; G-
dz .

a = p ( Z, e ) =

'\m(kaz%_ kizlzZ)
L(z} + 23)

/\,,,(kazlzz— k[;nz)
L(Z% + ”7.)

T.L = 7 2l
Dx\/—zz—V“”m

7L 23 2 7L
Bam A A
(13)
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with k&, = - A, ¢./D,,, and kp = - /\,,.q'p/Dm.
Proof First express the system in the new coordinate
z, and the equation becomes
G = z+ C,
ée =2+ C
withz = T(g.,q.),£ = T(§.,q.) so if the error e =

z — £ converges to zero, the proposition is proved.

The proposed observer in z coordinates is given by

Lo p(2,40 + 63 - 4.),

then% = Ge + Ap = Ge + (p - p). Considering Lya-

punov function V, = €T Pe,

%}V = e"(G"P + PG)e + (Ap)TPe + e"PAp.
(14)

Because p(z,q,) satisfies the Lipschitz condition in the

first variable,

lApll < mll ell uniform in ¢,. According the con-

there exists constant m which makes

dition in Proposition 3, equation (14) becomes
Y "o+ 2P <-gllell?+ 2pm e
and while (12) is satisfied, the equilibrium point (e =
0) is asymptotically stable. Moreover, since V(i) <

(Zgtpm
Vitg)e »

2 e-ty) , the convergence is exponential .

Once G is designed, since 2 = T(4.,4.), the ob-
server’ s equation (13) needs to be transformed to the o-

rigin coordinates, i. e. the observer nonlinear gain

G(§.,q.) is given by the inverse of the Jacobian matrix
of the transformation evalvated on the estimated state and
a constant matrix G.

Here a nonlinear observer is designed. A mathemati-
cal transformation follows the simplification of the prob-
lem of designing the nonlinear correction term. Follow-
ing the procedure presented in the paper, the stable state-
error is zero and the convergence speed of the observer
may be set by choosing the parameter of the observer.
5 Torque control and performance evalu-

ation

The proposed passivity-based controller with the ob-
server is shown in Fig.1. The performance was verified

by means of simulations. Parameter values of the

PMSM, the observer and the controller are given in the
appendix. We present here the simulations of a simu-

soidal torque reference .

vu. hc
312 32 |

laf Va8

passivity-based observer
controller 3
Yy T
Fig. 1 Control scheme:block diagram

Fig.2 shows the response of the generated and the de-
sired torque. As seen from the figure, the performance
of the proposed controller with observer is quite remark-
able. In Fig. 3 the rotor speed are compared with their
observed values when the load torque is 1.9Nm. The
initial estimated speed was set at 10 rad/min, while the
estimated position was set at O rad. Notice that although
the observation error of rotor speed and position con-
verges to zero, it is still influenced by the uncertainties

of many parameters.

torque/N-m

005115 2253354455
time/s

Fig. 2 Generated (dashed) and desired (solid) torque
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Fig.3 Actual (solid) and observed (dashed) speed

As mentioned above, the damping matrix Kg, is in-
jected to the electrical subsystem. In Fig. 4, we show
the performance of the system by applying a load
torque, which varies between +20% . From the figure,
it follows that the performance of the system is influ-
enced little by the variable load. So the injecting of the
damp really enhances the system robust performance.
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6 Conclusion

A sensorless passivity-based control strategy was in-
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The proposed controller inherits many benefits of the
PBC such as simplicity, strong robustness and easy im-
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torque control and known load. The next objective is
forwarding to the speed/position control with unknown
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in PMSM-like induction motor. And the experiments are
also needed to prove the effectiveness of the control
method. However for the permanent magnet of the mo-
tor, a nonlinear term needs to be left out. How to avoid
the cancellation in the PMSM is also a main problem in
the future PBC research.
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Appendix
The data and parameters of the device considered in the paper are:
T.=7N+m, n, =1500rpm, n,=1, L=20.5mH, R=1.550.
PMSM:
Am = 0.22N - m/A, D, = 2.2 x 107%Kg - m%.
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Observer: G=[5x o 0 ]
0 5 x 10°
20 0
Controller: = ] .
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