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Abstract: A sensorless control algorithm is developed based on novel finite-time robust flux
observer for the non-salient permanent magnet synchronous motor (PMSM). Total flux equality
and motor model are used to find the linear regression-like model with respect to the flux.
Applying dynamic regressor extension and mixing method, we obtain two independent scalar
equations and construct a finite-time flux observer. The flux estimate is used to reconstruct
the rotor position and velocity with well-known trigonometric relation and phase-locked loop
observer, respectively. To complete a sensorless control design, we pass these estimates to
standard field orient control. The efficiency and robustness of the proposed approach are
demonstrated through the set of numerical simulations.
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1. INTRODUCTION

Field orientation control (FOC) method for permanent
magnet synchronous motors (PMSMs) is widely used be-
cause it provides the most optimal torque production
and consequently high-performance control response. The
control objective is defined via reference values of direct
and quadratic axis currents in the frame rotating syn-
chronously with the rotor flux. This change of the coor-
dinates requires precise rotor position.

The position can be measured using a sensor or estimated.
In some applications (cranes, elevators, vacuum pumps),
the very installation of a shaft sensor is either inconvenient
or not possible at all. In cost—and reliability—sensitive
heating, ventilation and air conditioning systems, the use
of a capable CPU with an improved observer design
technique may boost the performance. Another benefit of
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Systems”.
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sensorless control is the mechanical robustness due to the
absence of cables, connectors and peripheral modules.

There are two classes of the sensorless control methods:
passive without probing signal and active, where a high-
frequency signal is injected to monitor the rotor saliency
change along with rotor motion.

The popular passive method in practice is based on es-
timating the back-electromotive force (EMF), see Lee
and Ha (2012), where different algorithms were considered.
Value of EMF is decreasing with speed, and on low speed,
the results are not reliable, where signal injection meth-
ods have better performance, Li et al. (2007). However,
active methods can not be applied on high speed, where
maximum voltage is utilized, and can produce the torque
oscillation.

Other passive methods are based on nonlinear observers
and usually are much more complicated. However, recent
progress in CPU and power semiconductor performance
enables the implementation of such observers and related
controllers in many industrial systems. Low power wind
turbines frequently use synchronous permanent magnet
machines as generators. For cost and reliability reasons,
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they are often designed with no shaft sensors Bolognani
et al. (2005). In such cases, a reliable, high precision robust
observer is required to control steering and to extract
energy at low wind conditions.

In this paper, a nonlinear sensorless controller derived from
the observer introduced by Pyrkin et al. (2019) is extended
and tested. A key feature of the observer is independence
from speed, as it requires only knowledge of the stator
resistance and inductance while mechanical parameters
and the magnetic flux constant are not needed. The last
parameter is necessary, for instance, in Ortega et al. (2011)
and Genduso et al. (2010). In this regard, the nonlinear
observer from Pyrkin et al. (2019) as well as proposed
extensions is robust towards magnetic flux generated by
permanent magnets. Robustness of the nonlinear observer
towards different gain settings and initial conditions is
also shown in Pyrkin et al. (2019). In contrast to Bobtsov
et al. (2015), there is not open-loop integration of current
and voltage signals. It makes the controller robust to a
constant bias in these signals. The proposed approach uses
the stator voltage, which is not measured directly but
estimated, as is done in most modern industrial drives.

This paper is organized as follows. The problem statement
is described in Section 2. The main result is presented
in Section 3, where flux robust nonlinear observers are con-
structed. In Section 4 we mention position, speed observer,
and control scheme, which can be used with the proposed
position observer to implement sensorless control. The
computer simulation results of the proposed algorithm
are described in Section 5 confirming the efficiency and
robustness of the approach.

2. PROBLEM FORMULATION

The classical, two—phase af model of the unsaturated,
non—salient PMSM described by Krause (1986); Nam
(2010), is considered. In the stationary «af frame, the
following holds for surface-mounted PMSM (SPMSM)

/\aﬁ = VaB — Riaﬂ,
Jw=—-Bw+ T, — T, (1)
0 =w,

where \,5 € R? is the total flux, i,s € R? are the currents,
vap € R? are the voltages, R > 0 is the stator windings
resistance, J > 0 is the rotor inertia, § € S := [0, 27) is
the rotor phase, w € R is the mechanical angular velocity,
B > 0 is the viscous friction coefficient, 7, € R is the—
possibly time—varying—load torque, 7. is the torque of
electrical origin.

For surface-mounted PMSM’s the total flux satisfies

. cos(n,8)
Aap = Liag + Am [sin(nfj@) } ’ (2)

where L > 0 is the stator inductance and n, € N is the
number of pole pairs.

The most often problem is reconstruct the rotor position

6(t) using measurements of the current i, =: 4 and
voltage vo3 =: v, and the most popular way, based on
(2), is to use the following algorithm
R 1 Ao — L1
6= arctan{al_a}, (3)
Ny )\5 - Llﬁ

which requires the knowledge of the magnetic flux Aqg.

The goal of this work is design the sensorless control for
SPMSM. The solution is based on nonlinear observer for
system (1) and FOC.

The robust finite-time observer of the magnetic flux A :=
Aap using measurements of the current ¢ and voltage v
should provide estimate, such that for fixed ¢; > 0 the
following equality holds:

ATO (1) = X(t), VE>t. (4)
Then, the rotor position estimate 6 is calculated using (3)

and velocity estimate is reconstructed with PLL-type
observer Nam (2010).

As usual in parameter estimation and observation prob-
lems, the following forward completeness and boundedness
assumptions are imposed.

Assumption 1. The control signal ves and the unknown
external load torque 77, are such that the trajectories of
the PMSM model (1) exist for all ¢ > 0 and are bounded.

3. FLUX OBSERVER

In this section we show a finite-time flux observer. Firstly,
the flux observer synthesis is presented. That approach
use DREM algorithm that provide a better transient in
contrast to standard gradient approach. After that using
the finite-time observer we improve the convergence rate.
As positions and velocities observers are proposed to be
used as described in Bobtsov et al. (2015) and Nam (2010),
we give their description in the form of statements without
evidence.

Using the squaring operation and the basic trigonometric
identity under (2) one can get

AN =2LA T+ L%iTi = X2 = 0. (5)

d
Apply a filter F(p) = pj—pa’ P= g with some o > 0.

Replacing the flux derivative with the first equation of
system (1) yields
e’ !
2—— AT (v — Ri — Lpi)] + —— [L?pi i — 2Lv i
a2 Pl + = (L% ]
+ 2RL

ra [iTi] = 0. (6)

Notice that the unknown flux is under filtering operation
in the first term of (6). In order to extract it we use
the Swapping Lemma (Sastry and Bodson, 2011, Lemma
3.6.5):
AT—2 (20— 2Ri — 2Lpi]
p+a
1

[0
v— Ri) ——[2v — 2Ri — 2Lpi
pta ( ) p+a[ i
[L?piTi—2Lv"i]
[0

P+
where we have replaced AT = (v — Ri)T as before.

_|_7
p+a
+ 2RL

[iTi] =0, (7)

The last equation can be rewritten in a linear regression
form
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2(a) = g(a) "X, (8)
where z and ¢ are known,
1 «
= ——— |(v— Ri)T ——[2v — 2Ri — 2Lpi
(0) =~ |0~ R) TS (20 — 2Ri — 2Lpi
«

[L2piTi —2Lv"i] + 2RL
pta p

O o opa P o
g(a).fp+a[2 2Ri] a[QL]

+

« T
o [z z] =0,

Next, following the DREM algorithm Aranovskiy et al.
(2017) combing two regressor equations (8) with different
parameters «; > 0 and as > 0 we form the extended
regression model

Y = QM\, 9)

where
V= (). o
o= (o) w

Taking in account that the flux is a time-varying signal we
get

3‘0( = Vo — Rig + 'YozA(ga - Aj‘a)v (12>
Ag = v — Rig +pA(Es — Adg), (13)

where A is the determinant of Q:
A =det{Q}, (14)

éap = adj{Q}Y is computed using adjoint matrix of Q
and 74,8 > 0, are design parameters.

Proposition 1. Consider the PMSM model described by (1)
verifying Assumption 1. Let the observer defined as

“ A(t) — A(0)wq () — wa(t
ig7en - A=A iy
where A(t) = [Aa(t); A ()], with Aq(t) and Ag(t) are given
by (12)-(13),
wn(t) = —y A% (tw (1),
wa(t) = —y A ()wa(t) + w1 (t) H (iap, tap),
Ai(é; is éleﬁned by (14), H is given by (17), w1(0) = 1,

(15)

If fo’fl A2(s)ds > 0 for some t; > 0, then \FTO(t) =

At), VE>t.
Proof. Combining equations (12) and (13) we get
At) = Hiap(t), uap(t) +7A0)(E — A1), (16)
where
Hiap(t), uap(t)) = vap = Riap. (17)
Next, we get the well-known error equation for (16)
A1) = 7 A2(A(0), (18)
where
AE) = M) — A) = e A8 0) Z A0).  (19)
Notice that
MO = MO = [ Hlioss) uas(s))ds. (20)

Introduce the auxiliary signal w (¢)

g (t) = —yA%(Hwy (t), w1 (0) = 1. (21)
Hence,
wi(t) =e " I Az(s)ds, (22)
and we have
M) = Alt) = wi (1) (M) = A©)
- / H(iag(s),uag(s))ds). (23)
0
Define the second auxiliary signal
walt) = wn(t) | Hlios(s)uap(s)ds, (24
and found what ws(t) is the output of the system
wa(t) = —yA%wy(t) +wi () H(iap(t), uap(t),  (25)

Flux A can be explicitly found from (23) for ¢t > ¢1, when
fotl A?(s)ds > 0 and w1 (t) < 1

sty = A0 A0 )

which is the desired conclusion.

(26)
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Fig. 1. The implementation of the sensorless control of
a permanent magnet synchronous motor with the
proposed finite-time observer

4. SENSORLESS FIELD-ORIENT CONTROL

To construct sensorless field-orient control we also need
estimates of the position and angular velocity of the rotor.

Using (3) and (15) we estimate the unmeasured angle as
described in Bobtsov et al. (2015) also in finite-time:

. 1 S\FTO_L‘
GrTo — arctan{o‘za )

= 27
Ty )\gTO — Liﬁ ( )

The velocity is estimated with the help of a standard PLL-
type speed estimator, see Nam (2010):

X1 = K,(0FT9 — x1) + Kixe,
X2 = QFTO - X1,
&= K,(0"° — x1) + Kixa,

where K, > 0 and K; > 0 are proportional and integral
gains, respectively.

(28)
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We use the observer outputs to control the PMSM, the
angle 0FT© for transformation of the Park and the velocity
w for sensorless field-orient control. The full structure
of the sensorless control of PMSM with the proposed
nonlinear position observer is shown in Fig. 1.

5. SIMULATION RESULTS

The series of simulations have been performed in MAT-
LAB Simulink. The model of the drive uses parameters
of the BMPO701F, which are presented in Table 1. In
all simulation the motor is controlled by the proposed
sensorless controller: the forward and inverse Park trans-
formations are calculated using the position estimate, the
speed controller in FOC uses the output of speed observer.

The initial conditions are equal to zero, v, = 73 =
0.02, a3 = 50, as = 400. Integral and proportlonal PI
coeﬂiments for field-oriented control and speed observer
are presented in Table 1.

Table 1. Parameters of Simulation

PMSM motor
Inductance L(mH) 40.03
Resistance R(Q2) 8.875
Drive inertia j(kg - m2) 59.1076
Pairs of poles np(—) 5
Magnetic flux A, (Wb) 0.2086
Velocity Observer
K, 175
K; 50
Sensorless Field-orient Control
Kp(— w) 1
Ki(— w) 0.25
Kp(*) Zd) 1
(~> Zd) 0.1
Kp(— iq) 1
Ki(—iq) 0.1
Third case with incorrect parameters
Lopserver (mH) 60
Robse'rver(Q) 5.32

The reference signal for the angular velocity is a step signal
of the following form:

20 0<t<0.2,
30 0.2<t<04,

wo(t) =440 04<t<0.6,
50 0.6<t<0.8,
60 08<t<l1.

The external load torque is depicted in Fig. 3.

In the simulations, the noise and parameter uncertainty
effects are considered, which gives us three cases:

(1) without noise, with correct parameters,
(2) with noise, with correct parameters,
(3) with noise, with incorrect parameters.

In the second and third cases, the measurements are cor-
rupted by the additive noise. It is simulated as a uniformly
distributed process ranging within [—2.5,2.5] V for volt-
ages, and [—0.2,0.2] A for current. The example of the
noised measurements is depicted in Fig. 2. In the third
case, incorrect model parameter values of the stator resis-
tance and inductance are used in the observer, see Table 1.

In all cases, the variables with subscript “1” relates to
sensorless control without using the finite-time observers.
Variables of FTO modification have subscript “2”.

The norm of flux estimation errors, velocity and position
estimates, external load torque are depicted in Fig. 4-6.
The performance of the flux observer with and without
finite-time modification is high and in the noised cases
is similar. The incorrect parameters do not affect the
observer and controller.

6. CONCLUSION

In this paper we describe the sensorless controller for the
SPMSM. Using novel parametrization we obtain equation
in linear regression form. Applying dynamic regressor
extension and mixing approach Aranovskiy et al. (2017)
gives two scalar equations for «, f flux components, which
are used to construct auxiliary flux observer. Outputs of
this observer are using to obtain finite-time flux estimate.

Using flux estimate the position were reconstructed and
used in PPL-type speed observer Bobtsov et al. (2015);
Nam (2010) to estimate rotor angular velocity.

Finally, the sensorless version of the field-orient controller
has been obtained using position estimate 67O and veloc-
ity @. Simulation results illustrating the high performance
and robustness of the proposed approach.

The proposed method does not require signal injection for
non-zero velocities and works in the wide speed range,
including low speed.
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