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Offline real-time high frequency data logging based methodology
for PMSM observer design

Samar ALHAJ HASSAN - Romain DELPOUX - Lubin KERHUEL - Vincent LECHAPPE - Xavier BRUN

Abstract This article presents a methodology for a faster
development of observers. On board real-time high frequency
measurements are logged and used as inputs to validate an
open-loop observer in an offline simulation. It allows em-
bedded implementation constraints to be taken into account
as early as possible in the development process. The pro-
posed method facilitates and speeds up the design procedure
compared to on-board validation, which often involves trial
and error gain tuning. The suggested approach is illustrated
through the design of an observer for mechanical sensorless
control of Permanant Magnet Synchronous Moteur (PMSM)
using an industrial benchmark. The solution is implemented
on a low-cost microcontroller, using Rapid Control Proto-
typing (RCP) on Matlab/Simulink. The overall strategy and
logged data are available online under an open-source li-
cense.

1 Introduction

Digital controllers are increasingly present in industrial ap-
plications (automotive, aeronautics, space...). Manufactur-
ers in these domains seek ways to reduce global cost while
maintaining good performances [8]. Among popular solu-
tions, state space observer are used to replace physical sen-
sors by software ones. Developing embedded controllers re-
quires various skills, some of which are out of scope of the
typical curriculum of control system engineers, generally
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limited to control design tools like Matlab/Simulink® and
RCP with dSPACE® or Speedgoat®. However, to speed up
the development of observers-based solutions, it is neces-
sary to consider precise models with parameter uncertainties
as well as embedded constraints such as Analog to Digital
Converter (ADC) quantification, noise measurements, de-
lays, sensors’ precision, execution time. . ..

Having a simulation model that takes all these elements into
account would be the best approach, but it requires a great
knowledge of the physical model, control, RCP tools, sen-
sors properties. . . This modelling solution often leads to com-
plex models, that are often specific to the application, even
to the operating conditions, and are slow to execute.

To factor in these elements, with less time and efforts, it is
interesting to produce real-time data of system variables re-
quired for observation, directly from the application target
chip. In this perspective, the proposed approach is based on
a RCP solution, using Matlab/Simulink and the advantage
of the graphical interface, which targets low cost industrial
Digital Signal Controller (DSC) directly. The solution here
is based on the use of the Microchip Technology MPLAB®
device blocks for Simulink solution. It is important to note
that unlike some existing setups [11], the objective is not to
hide the code generation process and make it totally trans-
parent, but to make it accessible in order to tackle implemen-
tation problems. A dsPIC® DSCs and its MPLAB toolbox
for Simulink has been used for this article, but other manu-
facturer DSCs or Motor Control unites (MCU) may benefit
from this methodology whenever a dedicated toolbox exists.
Replicating the exact behavior of the on-chip observer in an
offline-simulation presents several advantages:

— accelerating the open-loop verification: a fixed-step sim-
ulation is faster than RCP and on-board test,

— reducing on-chip gain tuning, since the data used is closer
to the embedded behavior,
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— having a unified benchmark for offline comparison be-
tween open-loop observers,

— taking into account implementation constraints for ob-
server open-loop validation, with no hardware.

This method is limited to open-loop observer validation: the
estimation use in the control clearly impacts the observer’s
logged inputs.

The contributions of this work are threefold (i) a complete
methodology to speed up observer design, based on RCP
solution that targets low cost microcontrollers, (ii) imple-
menting the benchmark proposed for sensorless control of
electrical motor presented in [5] on a PMSM test bench and
finally, (iii) in order to make the process as educational as
possible, illustrating the methodology through an example
for sensorless strategy ([4], [6], [9]), the data, the hardware,
and tutorials required for the proposed solution are available
online [2, 1], under open-source license.

The paper is organized as follows: Section 2 describes the
suggested methodology and its application to the chosen
benchmark, Section 3 details the PMSM model and the de-
sign of the observer, the experimental results are then illus-
trated in Section 4. The last section presents the paper’s con-
clusion and perspectives.

2 Offline real-time high frequency data logging based
methodology

2.1 Methodology

The proposed methodology in this article follows RCP solu-
tion proposed in [3] and available online on our website [2].
In these documents, an efficient solution for RCP of PMSM
is proposed based on low-cost microcontrollers. The objec-
tive is to use the data from this control strategy for the de-
sign of observers.The overall strategy is illustrated in Fig.1,
differences with the classical approach are highlighted in
green. Classically, observer design process usually consists
of simulation (as reported in [7]), followed by on-board tests
in open-loop, where estimated variables are compared with
the measured ones and then in closed-loop where estimated
variables are used in the control instead of the measured
ones. Thanks to the realization of real-time high frequency
data logging, the observer synthesis can be first tuned offline
on real data, before being tested on-board.

While high-frequency data logging was limited to the use of
expensive RCP systems like dSpace, here the use of a USB
2.0 Hi-Speed to Universal Asynchronous Receiver Trans-
mitter (UART) cable based on FTDI’s FT232H USB to UART
interface device allows high speed transmission. The cable
used provides a fast, simple way to connect devices with 3.3
volt digital interfaces to USB. Given that the control algo-
rithm’s sampling frequency is at 20kHz, it has been possi-
ble to obtain a data log with 6 variables using a baud rate
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Fig. 1: Proposed observer design methodology

of 6 x 10° baud. On the remote computer, the data are col-
lected thanks to a lightweight serial terminal, RealTerm has
been used here.

2.2 PMSM Benchmark

The test bench used in this article to illustrate the methodol-
ogy consists of two Teknic-2310P motors PMSMs (PMSM;
and PMSM)) in a head-to-head configuration as shown in
Fig.2.

To evaluate the observer’s convergence for different speed
ranges and its robustness with load torque variations, an in-
dustrial test trajectory (see Fig.3) [5], is used, where the
scale has been adapted to the nominal values of the PMSM
used.

Both PMSMs are controlled using Field Oriented Control
(FOC). PMSM;’s speed is regulated in order to impose a
speed trajectory and PMSM,’s current (image of the torque)
is regulated to apply a load torque. Each PMSM has its own
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Fig. 2: Experimental setup
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Fig. 3: Industrial benchmark

control board. The control algorithm is detailed in [2]. The
proposed closed loop control with load is used to produce
the data logging for the offline observer tuning. A general
overview of the tested scenarios is schematized in Fig.4

3 Study case: PMSM mechanical sensorless control
3.1 Model of the PMSM

In order to properly implement the observation algorithm,
the design should be based on the discrete-time model, tak-
ing into account the on-chip sample time, the model used is
detailed below.
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Fig. 4: General tests representation

3.1.1 Continuous model in the abc frame

di R . 1 1

ﬁbc :7Zlabc+zvabcfzeabc (1a)
dQ

J— =T, — 7 1b
dt m 1 ( )

where i, are the phase currents, v, the phase voltage, Q
and 0 are the motor speed and position. L and R are the stator
inductance and resistance.

J is the PMSM inertia, 7; is the load torque and 7, is the
motor torque.

1 :
Tm = Eelbclabc (2)

eqve are the electromotive forces, with

sin(pO)
eane = —0ypQ | Sin (PO~ 3)
sin ( p6 + 27”

where ¢ is the flux constant and p is the pole pairs.

3.1.2 Continuous model in the a3 frame

In order to observer the speed and angle, the model should
be in the aff frame. Through the Clarke transformation of
(1a), the continuous current dynamic is expressed as:

digg R 1 1
4 p'ep T pYep T s (42)
e —sin(p0)
€ap _(pr'Q [COS(pe) ] (4b)
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3.1.3 Discrete-Time model in the o3 frame

Using the Zero-Order Hold, for a chosen time step Ty, (4a)
and (4b) can be discretized:

iap(k+1) =Aqigp (k) + Bavap (k) — Baegp (k) (5a)
eqp(k+1) =eqp (k) + TspQ 7 eqp (k) (5b)
T
where Ay = e_%lzTS, B; = e tht %Iz dt,

0

=17

tity matrix.

11 , the rotation matrix and I, = [(1) ﬂ the iden-

3.2 Observer Design

A combination of two observers [6] is implemented to de-
termine the estimated electrical position 8, = p0 and speed

@, = p£2 based on the measured voltage and current in the
o frame as shown in Fig.5.
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Fig. 5: Block Diagram of the implemented observer

3.2.1 Discrete-time Sliding Mode current Observer

Using (5a), a Discrete-time Sliding Mode Observer (DSMO)
current observer is proposed:

iaﬁ (k+1) :Adfaﬁ +Byvep — Balog (6)

where faﬁ is the estimated current and

ugp = €5 (k) + (B AqBa + mi1)Ogp (k) + halsign(cgp (k)

(M

hy and hy being positive constants, Oy = B;l faﬁ (k) the
sliding function, igg (k) = igp (k) — iep (k) denoting the cur-
rent estimation error. the estimated EMF e ; is obtained by
filtering u,p using a first order Low Pass Filter (LPF).

By choosing /1 and h; to comply with the sliding conditions
and o, (LPF’s cutoff frequency) according to the electrical

speed (see section 4), we ensure the observer’s convergence
[6].

max([1 —1—h M) < hy <min([11 -~ M) 8)

. Cotmax € - . L
with M = | %max “Bmax | éqp being the estimation error.
Ottmax Gﬁmax

3.2.2 Discrete-time adaptive EMF observer

Assuming that w, varies slowly between two successive sam-
ples, we can define based on (5b), the following EMF ob-
server [6]:

2ap(k+1) = éqp (k) + Ty0 7 eg (k) — h3éqp (k) ©)

EMF estimation error.
The adaptive law to estimate the rotor speed is:

o OO TG0 £ K)
‘ T2 * 2 T2 * 2
1+ 5y eaﬁ(k)Hz 1+ 5y eaﬁ(k)Hz
(10)
where 7 is a positive gain.
The rotor angle estimation 6, is finally given by:
A _ éo(k+1)
o (k) =tan ' — 21— ) — 11
() = tan~" éﬁ(km) (an
where § = tan™! (%) is the compensation of the delay

introduced by the LPF. The (k+ 1) value is used instead of
the (k) one, in order to compensate the discretization error.

After choosing a positive value for ¥, an adequate value for
h3 is picked to guarantee the observer’s stability ([6] eq 38).

4 Experimental results

Using the experimental setup illustrated Fig.2, the first step
was to generate a data log from the sensored closed loop
strategy. The trajectory tracking, was recorded with a sam-
pling frequency of 20kHz, and the results are represented on
Fig.6. As mentioned above, PMSM;’s speed is regulated ac-
cording to the speed trajectory of the benchmark, and PMSM;’s
torque is regulated according to the torque profile Fig.3. The
currents and voltages g and vy are logged for the ob-
server’s simulation Fig.6 (Top), 2 and Q are logged for
comparison purpose Fig.6 (Bottom). A zoomed view is shown
on the right side for a closer look on the logged data: the
speed estimation is almost perfectly superposed with the
measured value.
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Fig. 6: Embedded sensored closed loop trajectory tracking

The observer’s open loop test shows that the embedded and
simulated observer, with the same inputs, have very simi-
lar results. Fig.7 shows the speed estimation on-board and
offline (with the logged data), as well as the estimation er-
ror e and the error between offline and online estimations
€Qy f fline—online*

These results show that if an observer is validated on offline
simulation with the logged inputs, it can safely be assumed
that its embedded behavior would also be validated.

After this validation step, the observer’s estimations are used
instead of the measured speed and angle on-board. Given
that the motor speed is not observable near zero, the strategy
switcs from sensored to sensorless after 2 seconds. A startup
strategy, as proposed in [10] should be implemented, but it’s
a large topic, out of the scope of this article. The results of
the closed loop control with the observer are represented on
Fig.8. The current and voltages change slightly due to the
use of the estimations in the control, the offline estimations
are as accurate as before compared to the embedded ones.

5 Conclusions and perspectives

In this article a methodology was presented for a faster de-
velopment of observers. On board real-time high frequency
measurement were logged and used as inputs to validate an
open-loop observer offline. It allowed embedded implemen-
tation constraints to be taken into account as early as pos-
sible in the development process. The proposed approach
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60 ‘ ‘ : ‘
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Fig. 7: Speed estimation (Top) and Estimation error
(Bottom), embedded and simulated
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Fig. 8: Embedded sensorless closed loop trajectory tracking

was illustrated through an example: observer design for me-
chanical sensorless control of PMSM using an industrial
benchmark. The proposed benchmark and the logged data
are available online.

Future work will focus on using this benchmark for the com-
parison of different observers from the literature. It would
also be interesting to extend the benchmark to other types
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of synchronous motor (Interior PMSM, synchronous reluc-
tance motor...).
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