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Abstract—Sensorless control for electrical drives is still a
challenge in the low-speed and standstill region. Solutions that
inject a high frequency signal in order to generate position-
dependent harmonics are well known for their good performance
in this particular speed range. The possibility to combine signal-
injection techniques with model-based observers could be a
solution for sensorless control over the whole speed range.

In this paper, a pulsating vector carrier signal injection is used
with two different estimation methods. First method is based
on the commonly used filtering and demodulation associated to
the pulsating carrier method, and for the second method, an
injection-based Extended Kalman Filter is proposed in order to
estimate the rotor position. This two methods are analysed, we
concentrate on: parameter tuning, transitory response and noise
attenuation. The analysis is supported by experimental measure-
ments obtained on a salient-pole permanent magnet synchronous
machine. The results show the satisfactory performance of both
methods and the potential to use the proposed injection-based
Extended Kalman Filter from standstill to the high-speed region.

I. INTRODUCTION

Due to their high efficiency and power density, synchronous
machines are now widely employed in propulsion applications
in different sectors, from automotive to aeronautics, for exam-
ple, in the context of the more electric aircraft. For torque,
speed or position control of this drives, precise knowledge of
the rotor position is required. However, the suppression of the
associated mechanical position sensor is motivated by multiple
reasons: increase of cost, weight or integration problems. The
difficulty to estimate the position is that, under no excitation,
at standstill or very low speed, the system is not observable.

To surpass the standstill observability problem, high fre-
quency (HF) signal injection (HFSI) methods to estimate the
rotor position have been proposed during the last two decades
[1]-[S]. In the case of a permanent magnet synchronous
machine (PMSM), this methods rely on spatial magnetic
saliencies of the machine that provide position-dependent har-
monics. Nevertheless, these methods are suitable on a limited
speed range (standstill and low-speed); for higher speeds, it is
common to use a transition algorithm [6], [7] in order to switch
the estimation source to a high speed dedicated algorithm,

based on back-EMF estimation, like the Extended Kalman
Filter (EKF).

In the context of embedded applications, using only one
algorithm over the whole speed range is a very attractive
solution. In the literature we find some applications that follow
this approach - for PMSM in [9] or for a SynRM machine, in
[10], a simple method is proposed - to use a single algorithm
to merge the saliency information from the signal injection
with the fundamental information from the back-EMF of
the machine: the Extended Kalman Filter, a model based-
technique, potentially providing position estimation over the
entire speed-range. Furthermore, a similar approach is used
in the case of a non-salient machine: a High Frequency (HF)
signal is injected in the estimated d— axis, meant to make
the rotor vibrate. The model, taking into account the known
injection vector, becomes observable and the EKF algorithm
can be used in order to estimate the rotor position, see [11].

In this paper we will propose a similar approach for a
salient machine, to take into account the signal injection vector
and design an injection-based EKF with the new model. This
method will be then compared to its saliency-tracking HFSI
counterpart. The high frequency excitation chosen for both
methods is the pulsating carrier voltage signal injection on the
estimated d—axis of the rotor reference frame. The advantage
of this injection method is that when the position is well
estimated, a minimum current ripple is induced on the g— axis,
the axis producing the torque [1]. Using the same excitation
for both methods, we would like to analyse the accuracy and
the advantages of using one method or the other.

The paper is organised as follows: section II presents the
equations of a salient PMSM in the rotating frame with
some observability remarks and the choice of the injection
signals; using this injection signals, section III, presents the
principle and the demodulation scheme for pulsating HFSI and
then, the extended Kalman Filter approach. Finally, section IV
presents the experimental test bench and the key comparative
aspects with the corresponding experimental results. Finally,
conclusions are summarized in section V.



II. MODEL OF THE PM SYNCHRONOUS MACHINE

The mathematical model, in the rotor reference frame, for
a salient-type PMSM is presented in eq. (1). The following
notations are used: vg, vq,%q and i, are respectively the stator
voltages and currents, w, and 6 are the rotor electrical speed
and position respectively, Rs; the stator phase resistance,
Lg, L the direct and quadrature inductances respectively and
¢ the permanent flux of the magnets.

. . dg _ .
Vg = Rsl.d + i Wey with Yy Ldl.d + 9y )
vg = Rgig+ 3 +wetha Vg = Lqiq

The mechanical equation is presented in (2) with: p, the
number of pole pairs, I'¢, the electromagnetic torque, I'y, the
load torque, J, the total moment of inertia and f, the viscous
friction coefficient.

dw,

3
dt + fwe = p(Fe - FL)a r.= ip(wdiq - ¢qid)- ()

The observability for electrical drives based on the math-
ematical model has been thoroughly addressed in recent re-
search and precise observability conditions have been synthe-
sised for the electric machines [9], [12]. Using the notation
AL = L4 — Lg, the observability analysis, based on the
rank criterion approach, reveals the following form for the
determinant of the observability matrix [9]:

LqL,

J

Ap,=0,w,=0 = 7t I

It can be observed that the local observability condition is
guaranteed in presence of a measurable saliency (AL # 0)
and when the derivatives of the currents i4 and i, are different
from zero. Based on this considerations, high frequency injec-
tion signals are considered for standstill at low speed operation
[5].

Nevertheless, the excitation signals are known to the user.
When model-based techniques of estimation are employed, it
is possible to take into account the expression of the injection
signals in the motor model, as a known disturbance. For
example, the extended-model in the stationary frame proposed
in [11], considering the injection signals in the model, shows
that under HF signal injection (eq. (4)), a non-salient PMSM,
can be observable at standstill when the estimation error is
different from zero.

Let us consider a high frequency signal superimposed on the
estimated d-axis command of the stator eq. (4), at a known
carrier frequency (wp) and amplitude (V3). U;} and vg in (4)
stand for the injected stator voltages in the rotor estimated
reference frame.

vg =V, cos(wht),vg =0. (@))

This high frequency signal is also known as a pulsating
carrier signal injection [1], [2]. Assuming there is a position
estimation error, 0 = 0+ A#, the injected tensions in the stator
reference frame will depend on this error:

vh cos(0 + Af)
o | = Ve | sin(o + ag) | osnd): )

III. DERIVED POSITION ESTIMATORS

A. Saliency tracking for pulsating carrier injection

The current response to the injection signal is obtained using
a high frequency model of the machine [1]. The measured
current contains the stator frequency fundamental component
at I; amplitude, and the induced high frequency currents (i, 8):

iaﬁnleas = IleJ(WCt) + gaﬁ. (6)

In the presence of a magnetic saliency, the resulting HF
currents in the «f reference frame contain harmonics with
information of the real position 6. For simplicity reasons, we
present in eq. (7) the four high frequency harmonics in «f
reference frame [2], [4]:

'iaﬁ — Ipej(wht—‘re—%) +In€j(_wht+29_9+%) (7)
+Ipej(—wht+é+g) +Inej(wht+2e—é—g
Ld+Lq

Using the notations ly = 3 and [pn =
expression of the harmonics amplitudes is given by:
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2

, the

Vi s Vi la

I, = d1, = .
P Yop LgLg 9wn LgLa

To facilitate the demodulation, the currents are transposed
to dq reference frame in eq. (8) and reduced to a simple form
in eq. (9).

gdq _ Ipej(wht—%) 4 Inej(_w}Lt_2A0+g) (8)
+Ip6j(_wht+%) + Inej(wht—2A9—%

gdq - (Ip + Inei‘jer) e‘j(wh’tig)
(L, + Inei280) gi(—ont+5)

igq = 2 (I, + e *2%) sin(wpt) )

Eq. (9) can be represented under a matrix form:

cos(2(6 — 0))
sin(2(0 — 0))

From eq. (10) it can be seen that the HF component of i,
is direct proportional to the estimation error:

i sin(wpt)
0

g

=21,

‘+2[n

iq = 21, sin(2(0 — 0)) sin(wpt) ~ 41,0 — 0) sin(wpt) (11)

The interest in this kind of injection is to act on a single
flux direction, in our case, the considered injection is on the
d— estimated axis. We see in eq. (10) that when there is no
estimation error, Af = 0, the HF current on the ¢—axis will
become zero. Therefore, a minimum couple ripple is assured
as long as the rotor position is well estimated.

Figure 1 illustrates the common spatial saliency demodu-
lation process using pulsating HFSI. By minimising A#, the
estimation error is forced to zero. A tracking observer based
on the mechanical system model is used in order to achieve a
zero-lag estimation [1].

sin(wpt) (10)



Parameter choice: The tuning of the pulsating carrier
method lies in the observer characteristics but also on the low-
pass filter.

Higher the frequency of injection signal, better the decou-
pling between the HF signals and the fundamental command
of the machine. However, there is a limitation on the injection
frequency that is related to the inverter’s capacities. In the
experimental setup, because of the low value of the frequency
of the injection signal, the high-pass and the low-pass filter
were set with a cut off frequency of SOHz, 10% of the injection
frequency. The observer is then tuned as a trade-off between
accuracy and noise-level. The bandpass of the closed loop,
containing the low-pass filter and the observer is set to 140Hz.

sin(wpt)
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Fig. 1: Demodulation of the measured stator currents
(faB,.q.) for pulsating HFSI position estimation

LaBimeas
—

Tracking
observer

\ 21”Ag

B. Extended Kalman Filter approach

Using the same injection signals, a discrete Extended
Kalman Filter can be designed to perform position and velocity
estimation. The interest of using an Extended Kalman Filter
is its good performance over a wide range of speed. By
employing the proposed HFSI in eq. (4), the bandwidth can
be extended to low speed and standstill as well.

There is more than one model that can be used for position
estimation with an EKF. The d — ¢ model, in rotor reference
frame, is usually employed for high speed operation (see [13]),
due to its precision and reduced number of operations for a
salient motor. Figure 2 shows experimental results for low
speed operation of an EKF under no-load, in presence of HFSI,
described in eq (4). The mechanical equation is taken into
account. However, experience has shown important stationary
error at standstill and low-speed.

The model in stationary frame has one major advantage of
being able to take into account the injection signal into the
model and the prediction step of the EKF algorithm [11].

The mathematical model for a salient PMSM in stationary
frame requires high computation time due to its complexity.
If we admit an incertitude over the motor’s inductances, one
can suppose Lq = L, = L, which leads to an EKF using the
non-salient model of the synchronous machine [6], [8], and
thus reduce the complexity. This model is further presented in
eq. (12-14) with the following notations: v, vg, i and ig are
respectively the stator voltages and currents, v, and vj; are the
fundamental part of the command of the machine, while v”
and v[’; are the HF injection signals.

di .

dj;‘ —sin
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Fig. 2: Experimental results for EKF using the d — ¢ model
with pulsating HFSI in speed closed loop: standstill and low
speed operation (from standstill to 100rpm)

* h
e = | Ve ’+ o ‘ (13)
vg v vg
The stationary frame electromagnetic torque for a non-
salient machine:
3
r.= ip(iﬁ cos(f) — i sin(8))¥ ¢ (14)

The non-linear state-space model of the non-salient PMSM
can be resumed, using the already-mentioned equations, under
the following form:

= f(z,u)
y=Cx
With:

z=[ia ig 0 we '], u=[v} v} ot vg] and y = [iq ig].

The resisting torque is part of the state vector and it is
considered slow varying, %L = (. The non-linear dynamics

dt
can be written in the following form:

L (vf, + vf — Ryiq +we Wy sin(6))

L
Lls (vj + UEL — Ryig —we Uy cos(9))
flz,u) = We 15)
7(PTe =Tr) = fwe)
0

The key point is that % # 0, because the injection signals
in eq. (5) are dependent on the estimated position. As a result,
position derivatives of the injection signals will be contained
in the Jacobian of the machine model, F}_q in (17).

The continuous-time system presented in eq. (15) is dis-
cretized with a first-order Euler approximation. Consider the
new discrete time non-linear system:

Tk+1 = f(mkrauk> + Wk, k= 0,1,2..
Y = h(xk) + v



Where f is a vector of non-linear functions that describe the
system dynamics and h is the observation equation. We note
with xj, the vector of state variables, u; the command vector,
Yy, the output vector, wy, and vy the process and measurement
noise respectively.

The Extended Kalman Filter algorithm has a recursive
structure, similar to that of the Linear Kalman Filter:

- The initialisation phase, at k = 1:
Zojo = zo, Fojo = Fo (16)

- The prediction step, between k£ — 1 and k, the model of
the machine is first linearised at the beginning of the sampling
period around the current state, then Py ;,_; is computed:

Fo, = Of (z,u)

Ox a7

P11tk
Tpjp—1 = f(Tr—1jp—1,Uk—1)
Pyjr—1 = Fk—1Pk71|k71F;z|1k_1 +Q
- The update step for moment k:
Tk = Tpip—1 + Ke(yr — h(Zpjp-1))
Ki = Pyj—1CL[CrPyjjo—1CEF + R] !
Py = Pyj—1 — KpCy Prj—1

With:
Oh(x)

Cr-1 =
Tk|k

1) Parameter choice: The difficulty of the EKF algorithm
lies in the tuning of the covariance matrices. The covariance
matrix of the prediction error, Py, is initialized according to
the accuracy of the initial guess (zo). The covariance matrix
of the observation noise, R, and the covariance matrix of the

process noise, (), were chosen by trial and error method:

diag(Pp)=[11111],
diag(R) = [15 15],diag(Q) = [1 1 107* 107* 2].

Comparing to methods that demodulate the injection signal
like pulsating HFSI, EKF needs more memory and compu-
tational time. Nonetheless, modern computational devices are
capable of running high performance algorithms with a low
execution time. A comparison of DSP and FPGA solutions for
sensorless speed controller for a synchronous machine using
EKF is presented in [14].

IV. EXPERIMENTAL VALIDATION
A. Description of the experimental bench

The proposed algorithms are tested on a 4.8kW salient
PMSM and the real position is provided by a 1024-pulse
incremental encoder, used only in order to validate the estima-
tion results. A 10kW commercial inverter is used with 10kHz
frequency of the PWM and 2us dead-time. The characteristics
of the used PMSM are given in Table 1.

The real-time control is modelled in MATLAB/Simulink
and realised using dSpace MicroLabBox development system.

TABLE I: MOTOR PARAMETERS

Rated power 4.8kW
Number of pole pairs (p) 2
Stator phase resistance (Ry) 0.862
Direct inductance (Lg) 17mH
Quadratic inductance (L) 41mH
Rotor flux (i) 0.14Wb
Total moment of Inertia (J) 0.0023 kg.m?

The sampling period for estimation and control loop is fixed
to 0.1ms. The pulsating carrier injection signal has V. = 15V
amplitude and 500Hz frequency.

B. Experimental results

1) Standstill operation: In Figure 3 we can see the conver-
gence phase for both observers at standstill, after the injection
starts, no-load operation. Algorithms are initialised with 60
electrical degrees of error. For EKF, the convergence time is
dependent on the injection amplitude V},. If we double the
amplitude of the injection signal, V};, = 30V, the convergence
time is reduced to 0.05s. The amplitude could be eventually
real-time adjusted in an adaptive way to assure a fast conver-
gence time and it could also be stopped as the speed increases
and the electromotive-force becomes high enough, see [9].

Transitory response: The sensorless operation with speed
control, under no load is shown in figures 4 and 5. The speed
reference goes from 100rad/s to -100rad/s. We can observe an
acceptable estimation error of +10 electrical degrees for both
methods. Pulsating HFSI is not influenced by the speed or ac-
celeration, but it is highly influenced by noise and unmodeled
secondary saliencies that produce a position-dependent error.

The amplitude of the estimation error is reduced in the case
of the injection-based EKF estimation, however an accelera-
tion dependency can be observed as a bias on the estimation
error. This error can be explained by the use of a non-salient
model in the EKF algorithm. Improvement of the model is
part of an ongoing-study.
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Fig. 3: Experimental results for standstill operation
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Fig. 5: Experimental results for EKF in stationary frame
with pulsating carrier injection in speed closed loop

V. CONCLUSION

This paper has presented two different approaches for posi-
tion estimation that are employing a pulsating carrier injection.
The EKF is generally employed for high speed estimation
of the position. It is shown that by taking into account the
injection signals, EKF with the non-salient model in stationary

frame provides satisfactory estimation results compared to
the classical pulsating HFSI position estimation. As a result,
EKF’s bandwidth could be extended to low speed and standstill
as well.

The experimental results show that EKF seems to be less
sensitive to measurement noise and secondary saliencies, com-
pared to the pulsating HFSI. However, EKF is affected by
the accuracy of the model and the incertitude on the model
parameters. Future work will be focused on developing an
injection-based EKF using an improved model in the stationary
frame, taking into account the injection signal. As the pulsating
demodulation methods are sensitive to cross-inductance and
saturation, it is interesting to see how is the injection-based
Kalman Filter affected by this factors.
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