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Abstract

This study is focused on the definition of sensorless algorithms for Surface-Mounted Permanent Magnet
Synchronous Motors (SM-PMSM) and Electrically Excited Synchronous Motors (EESM). Even if these types
of motors are rather different from a constructive point of view, they have some common issues regarding
sensorless drives. Indeed, SM-PMSMs, which are usually used for low-medium power applications, have a
low rotor anisotropy, therefore it is complicated to use sensorless active methods (which are based on high-
frequency voltage injection), due to the low signal to noise ratio. On the other hand, active methods on high-
power EESM have the drawback of high torque ripple.

For these reasons, both for SM-PMSM and EESM, it is interesting to define and use sensorless passive
algorithms (i.e., based on observers and estimators). The drawback of such algorithms is that their performance
deteriorates significantly in the low-speed region.

The aim of this thesis is to define a robust sensorless passive algorithm that could work in a wide speed region
and that could start the motor from standstill even with a high load torque. The initial objective of the work is
to find, among the various algorithms proposed in the technical literature, the most promising one. For this
purpose, four different algorithms are selected. They are chosen considering the most recent articles presented
in the technical literature on high reputable journals. Since many improvements are proposed in the literature
for the different algorithms, the most recent ones are candidates for being the ones with higher performance.
Even if the experimental tests of the four different algorithms are shown in the literature, it is difficult to
evaluate a priori which offers the best performance. As a matter of facts, for each algorithm different tests are
carried out (e.g., different speed and torque profiles). In addition to that, motor sizing and features are different.
Moreover, the test bench characteristics can significantly affect sensorless performance. As an example,
inverter features and non-linearities (e.g., switching frequency, dead times, parasitic capacitance) and current
measures (e.g., noise, linearity, bias) play a key role in the estimation of rotor position.

The added value of this thesis is to perform a fair comparison of the four algorithms, performing the same tests
with the same test bench.

Additional tests are performed on the most performing algorithm. Even if this sensorless technique is already
proposed in the technical literature, a methodology for observer gain tuning is not shown, which is proposed,
instead, in this thesis.

Moreover, the algorithm is enhanced by adding a novel management of direct axis current, which ensures the
stability during fast transient from medium-high speed to low speed.

The algorithm is tested with different test benches in order to verify the control effectiveness in various
operating conditions.

As a matter of facts, it is tested at first in the University of Genoa PETRA Lab on two different test benches.
The first test bench is composed of two coupled motors, in which the braking motor could realize different
torque profiles (linear torque, quadratic torque and constant torque), whereas in the second test bench the motor
is coupled with an air compressor, which is a demanding load since high and irregular torque is applied at
standstill.

After the test at the University of Genoa, the algorithm is implemented in Phase Motion Control and Physis

drive and tested on a six-meter diameter fan.



Regarding the EESMs, for these type of motor is necessary to estimate the stator flux amplitude and angle.
Indeed, the stator angle is usually used to perform the Park transformations in the FOC scheme and the stator
flux amplitude is used to control the excitation current. In this study, the RFO is adapted for estimating the
stator flux of an EESM.

Regarding the control for EESM, it is tested on a simulative model for high-power motors provided by NIDEC

ASI and tested on a small-scale test bench at the University of Genoa.
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1  Introduction

In last decades, Permanent Magnet Synchronous Motors (PMSMs) have achieved an increasing role. Indeed,
compared to induction motors, they have a high efficiency, high power density, high torque to inertia ratio,
they require low maintenance and they are characterized by high reliability.

One of the main drawbacks of PMSM is that rotor position measure is necessary to realize a proper control. As
a matter of facts, Field-Oriented-Control (FOC) is usually exploited and the position information is needed to
realize Park transformations.

In PMSMs the absolute rotor angle is required. For this reason, resolvers, absolute encoders or effect Hall
probes are usually used. Nevertheless, the use of such transducers implies several issues in terms of cost, sizing,
reliability and noise immunity.

To solve these problems, a lot of studies focus on rotor position estimation. These techniques are known as
sensorless algorithm and can be mainly divided in two categories[1]: active methods and passive methods.
Both active methods and passive methods can be used, appropriately adapted, for Electrically-Excited

Synchronous Motors (EESMs), as it will be shown in Section 1.3.

1.1 Sensorless active methods for PMSM

Sensorless active methods exploits rotor anisotropy to estimate the rotor position [2-33]. They are defined as

“active” because they inject high frequency voltage in order to evaluate the rotor angle. Indeed, injecting a high

frequency v, as shown in equation (1.1), one obtains the high frequency currents i, and iqh shown in

equation (1.2) and where |, 1| and A@ are defined in equations (1.3) [34].

Yo =V s a=wtl+e (1.1)
V| °L0 ’ ¢ '
g I, +1,cos(2A6) L
i | |1 sin(2A60) (12
Y/ Vv
| =——, |, =—, A6=6-6; 1.
"ol w,L, (13)
L,L L, L
| = qh, | — —thin
P Lsa " Lsd (1.4)
= th ; L L, = th;th (1.5)

where \V/, and . are the amplitude and the phase angle of the injected carrier voltage signal; «, and ¢ are
the angular speed and the initial phase angle of the injected carrier voltage signal, 6. and ¢ are the real and
estimated rotor positions, respectively. A0 is the estimated rotor position error. L, and L, are the incremental
d- and g-axis inductances, respectively, which are related to L, L, L,, Ly, as shown in equations (1.4) and

(1.5). From (1.2), it is clearly shown that the carrier current response is amplitude modulated by the rotor
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position information. The g-axis carrier current iqh response is usually used to extract the rotor position
information. Indeed, a proper control can be exploited to obtain iqh =0, i.e.,, A@ =0 and From equations (1.3)

, (1.4) and (1.5) itis easy to observe that the lower is the difference L, —L,, (i.e., low rotor anisotropy), the

lower is 1, . For this reason this methods are particularly suitable for Reluctance Synchronous Motors (RSMs)

and Interior-Mounted Permanent Magnet Synchronous Motors (IPMSMs), which are characterized by a high
rotor anisotropy. On the contrary it is difficult to use active methods for Surface-Mounted Permanent Magnet
Synchronous Motors (SPMSMs), since they are characterized by a low anisotropy and in order to have a

sufficient signal-to-noise ratio it is necessary to inject a v, with a high amplitude.

The advantage of active methods is that they can estimate the rotor position even at very low speed or at
standstill. However, the high-frequency injection is connected to load acoustic noise, additional losses and

torque ripple.

1.2 Sensorless passive methods for PMSM

Sensorless passive methods, differently from active methods, do not need the injection of additional signal.
They are based on observers and estimators of Back-Electromotive Force (BEMF) or Rotor Flux (RF) and they
are known as model-based sensorless controls [35-60].

Since these methods do not require signal injection, they do not have the drawbacks of active methods.
However, since the BEMF tends toward zero while speed approaches zero, their performance deteriorate
significantly in the low speed region.

Some disturbance observers were developed for this purpose, both in the stationary reference frame [38], and
in the rotating reference frame [36, 41]. Recently, a new type of disturbance observer called active disturbance
rejection control (ADRC) was applied to sensorless Field-Oriented Control (FOC) schemes [61, 62]. Back-
EMF estimation in stationary reference frame was also obtained in [63-66] by means of a reduced-order
extended Kalman filter, which was then implemented on a FPGA-based sensorless control [67]. Another
approach is represented by sliding-mode observers (SMO)[46, 68-78], first introduced by Yan etal. in [72]. A
SMO is characterized by a high robustness to parameter variations, but it suffers from chattering problems due
to the sliding-mode switching function (i.e., the signum function). This problem can be partially solved by
replacing the signum function with a saturation function [73], a sigmoid function [74, 75], a supertwisting
function [76], or by using a complex-coefficient filter [77]. Another class of passive methods includes flux
observers that estimate the rotor flux angle directly. This is an advantageous approach at low-speed compared
to back-EMF estimation, since the rotor flux does not vanish at standstill. Flux estimation was performed in
the rotating reference frame in [79]. A nonlinear flux observer in stationary reference frame was proposed by
Ortega et al. in [80], and its performance was evaluated experimentally in [49]. Bobtsov et al. introduced an
observer in which a high-pass filter was applied to a linear regression form to eliminate the effect of unknown
constants [81]. Choi et al. improved it adding a feedback loop to overcome the PM flux linkage constant

uncertainty, obtaining a robust adaptive sensorless algorithm [50] which was then tested in several
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experimental conditions and with many different loads in [53-55]. They also developed another regression-
based algorithm for IPMSMs in [82], that can be adapted for use with SPMSMs.

Since the use of active methods and passive methods is complementary, often active methods are used to start
the motor and to work in the low speed region and the control switches to a passive method in the medium and
high speed region [83-86]. If high-frequency injection could not be exploited, an option could be starting with
an open-loop rotating current vector before switching to a model-based observer [87-90].

Please note that since the objective of this thesis are the passive methods, the mathematical description is
carried out in detail in Section 2, whereas the mathematical description of active methaods is analysed briefly

in the introduction (Section 1.1).

1.3  Sensorless for EESM

Electrically-Excited Synchronous Motors (EESMs) are usually used for high-power applications, around few
or tens of MW. In these applications, of course the additional cost of an encoder is negligible on the drive total
cost. This is the main reason why only few studies were carried in the technical literature regarding sensorless
on EESM [91-98].

However, in some applications, sensorless is a requirement even for high-power EESM. As a matter of facts,
the use of an encoder reduces the drive reliability, thus sensorless is required in high-reliable drives.

Even if SPMSM and EESM are significantly different from a constructive point of view, they have some
common issues regarding sensorless applications. Indeed, active methods are difficult to use in SPMSMs since
they are characterized by a reduced anisotropy. As a consequence, high-frequency voltage with high amplitude
should be injected in order to have a sufficient signal-to-noise ratio, with obvious problems in terms of loud
acoustic noise and additional losses.

On the other hand, since high-power EESM drive are characterized by low switching frequency, the high-
frequency voltage injection (which is however lower than the switching frequency) leads often to unsustainable
torque ripple.

Even if for different reasons, SPMSM and EESM have in common the necessity of exploiting robust sensorless
algorithms based on passive methods. Several algorithms proposed in the technical literature are based on high
frequency injection [91-93, 97] and therefore are not suitable for high-power applications. Other algorithms
analyse passive methods, however, their effectiveness was not evaluated with experimental results [44, 94, 95,
98].

1.4 Aim of the thesis

The aim of this thesis is to define a robust sensorless passive algorithm for SPMSM. As aforementioned,
defining a passive method for surface-mounted PMSM is fundamental since the low rotor anisotropy causes
difficulties to utilize active methods and, moreover, the loud acoustic noise is not acceptable in several

applications.
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The initial objective of the work was to find, among the many algorithms in the technical literature, the most
promising one. For this purpose, four different algorithms were selected [50, 62, 77, 82]. They were chosen
considering the most recent articles presented in the technical literature on high reputable journals. Since many
improvements were proposed in the literature for the different algorithms, the most recent ones are candidates
for being the ones with higher performance.

Moreover, algorithms which follow different approaches were considered. In particular, the following

algorithms were evaluated:

e The new type of disturbance observer called “Enhanced Linear Active Disturbance Rejection
Controller” (ELADRC), which works in the d-q reference frame and that was published in IEEE
Transaction on Power Electronics in 2020 [62]. This algorithm will be referred as ELADRC.

e The sliding mode observer (SMO) with the adoption of a “Frequency-Adaptive Complex-Coefficient
Filter” (FACCF), which work in the stationary reference frame and that was published in IEEE
Transactions on Industry Applications in 2020 [77]. This algorithm will be referred as SMO-FACCF.

e The Rotor Flux Observer (RFO) based on the gradient descent method and working in the stationary
reference frame, which was presented in IEEE Transactions on Power Electronics in 2017 [50]. This
algorithm will be referred as RFO.

e The Rotor Flux Observer, similar to the RFO but which can work both for SPMSM and IPMSM,
presented in IEEE Transactions of Power Electronics in 2019 [82]. This algorithm will be referred as
Extended-RFO.

15 Novelty and contributions

Even if the experimental tests of the four different algorithms were shown in the literature, it is difficult to
evaluate a priori which offers the best performance. As a matter of facts, for each algorithm different tests were
carried out (e.g., different speed and torque profiles). In addition to that, motor sizing and feature were different.
Moreover, the test bench characteristics can significantly affect sensorless performance. As an example,
inverter features and non-linearities (e.g., switching frequency, dead times, parasitic capacitance) and current
measures (e.g., noise, linearity, bias) play a key role in the estimation of rotor position.

The added value of this thesis is to perform a fair comparison of the four algorithms, performing the same tests
with the same test bench.

As it will be shown in the thesis, the RFO algorithm was the most promising one. Therefore additional tests
were performed on this algorithm. Even if this sensorless technique was proposed in [50, 81], none of these
papers show a methodology for observer gain tuning, which is proposed in this thesis.

Moreover, the RFO algorithm was enhanced adding a novel management of direct axis current, which ensure
the stability during fast transient from medium-high speed to low speed.

Regarding the EESMs, for these type of motor is necessary to estimate the stator flux amplitude and angle.
Indeed, the stator angle is usually used to perform the Park transformations in the FOC scheme and the stator
flux amplitude is used to control the excitation current. In this study, the RFO was adapted for estimating the
stator flux of a EESM.
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1.6 Methodology and procedure

All these tests were performed implementing the control in the platform for Rapid Control Prototyping (RCP)
Dspace MicroLabBox. The RFO was then implemented in an industrial inverter developed by Phase Motion
Control S.p.A (from this point referred as PMC). Finally the algorithm was tested in an industrial application
were the PMC inverter supplied a PMSM designed and produced by Physis New Energy Technology S.r.l.
(from this point referred as PNET). The motor was coupled with a 6 meter diameter fan.

The algorithm for EESM was tested on a MATLAB/Simulink model of a 14 MW machine. The model was
provided by Nidec ASI S.p.A (from this point referred as Nidec ASI). It was then tested on a small-scale
prototype in the PETRA Lab, in the University of Genoa.

Massimiliano Passalacqua Pag. 17



University of Genova

DITEN - Electrical, Electronics and Telecommunication "E '{—”—'l PETRA La‘b B Power Electronics,
= i O TRansportation and Automation Laboratory

Engineering and Naval Architecture Department

2 Sensorless passive algorithms for SPMSM

2.1 PMSM model
Before describing the structure and equations of each algorithm, the PMSM model is introduced both in

stationary a-f3 reference frame and synchronously rotating d-q reference frame, according to [36, 82].

ip y

Fig. 1 PMSM scheme

A schematic diagram of a PMSM is shown in Fig. 1, where a-p axes indicate the stationary reference frame
and d-q axes indicate the synchronous reference frame. Also, an estimated synchronous y-4 frame is shown, as
it is used in the derivation of the ELADRC observer.

The electrical equations of a generic PMSM in the stationary frame can be expressed as in equation (2.1):

AL AL .

Vo] iy Ly +7cos 20 ~ sin 20 iy eq

[V ] =Rs|j,| TP AL AL ig| | T [e ] 1)
B B ~ sin 20 Ls — = cos 20| 1F B

where p is the differential operator, 8 € [0, 2n) is the rotor flux angle, Vop = [Va , Vp]T are the stator voltages,
iap = [ia , ip]" are the stator currents, eq = [e. , €3] are the back EMFs, R is the stator resistance, Lq and Lq are

the d-q axis inductances, Ls = (Lg + Lg)/2 and AL = (Lq - Lg).

The back EMFs can be written as in equation (2.2).

lea] = (om [S5r0) = oo [ 55 @2)

where @m is the flux linkage and o is the rotor electric angular speed.

In case of SPMSM, Lg = Lq=Ls, AL = 0 and the equations can be simplified as follows in equation (2.3).

) =[5 e Lol ]+ 6 e
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The electrical equations of a generic PMSM in the synchronously rotating frame can be expressed as in

equation (2.4).
Vay R + pLg _(A)Lq ig 0
[Vq] B [ wlg Rs + qu] [iq] * [w(Pm] 24)

where vgq = [Va , V] are the stator voltages, and igq = [ig , iq]" are the stator currents. Also in this case, for a
SPMSM the assumption Lq = Lq = Ls is valid.

2.2 ELADRC Algorithm

An enhanced linear disturbance rejection controller was proposed by Qu et al. in [62] for PMSM.
Starting from the motor equations in the d-q reference frame, the back EMF based PMSM model is expressed

in an estimated synchronously rotating y-3 frame as follows, in equation (2.5).
v Rs + pL —®L i e
[ Y] _|Rs+Pla q [y] n [ Y] (2.5)
Vs ®Lg Rs + pLqg| lig €s

where ¢ and e, are the y and 8 axis extended back EMF components and & is the estimated rotor speed.
The position estimation error is defined as in equation (2.6).

AB = 0" — 6° (2.6)
where 8 is the estimated rotor position on which the y-8 frame is oriented.
Then, if the estimated rotor speed & is almost equal to o, the back EMFs can be approximated as in equation
(2.7).

—sin Ae] @7

[ZZ] = (oocpm + AL(wigq — piq)) s AB

In the algorithm the back-EMFs are treated as unknown external disturbances, as they contain the information
about the position estimation error. Two linear extended state observers (LESO1 and LESO?2) are introduced
in [62]: LESOL1 is designed to estimate the back EMFs, while LESO2 estimates the internal disturbances
represented by the uncertainty of the parameters and the current regulation quality variation of the drive.

LESOL1 equations can be expressed as follows in equations (2.8).

pi, = v,/Lq + f, + foy — Ly18y

pfey = —Lyz8,
(2.8)

pis = V5/Lq + f5 + fos — Ls1€5

ples = —Lgy€s
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where fy and 15 are the estimated y-& axis stator currents, g, = fy —i, and &5 = is —is are the current
estimation errors, f, = ®-Lq-1s/Lq—Rs-1,/Lg and fs=—& Lq-1,/Lg—Rs-is/Lq represent the
known model information, ?ey = —e,/Lq and f.s = —es/Lq are the unknown external disturbances, and
Ly1, Ls1, Ly, Ls are the gains of the LESOL.
LESO?2 is designed as in equations (2.9)
pli\my = Vy/Ld + fY + ’fey + ’fidy - Ly38my

pfidy = _Ly4£my

2.9)
Pims = Vs/Lg + f5 + fes + figs — Lssems

Pfiags = —Lsa€ms
where i, and I,s are the estimated y-5 axis stator currents, €, = I, — i, and &5 = I,5 — i are the current
estimation errors, ﬂdy and f,45 are the unknown internal disturbances, and Lys, Lsz, Lys, Lss are the gains of

the LESO2.

The two LESOs are integrated in the control plant as follows:

- ?ey and f.5 are sent to a normalized phase-locked loop (PLL), which regulates fey to be zero using a
Pl regulator and generates the estimated rotor position and speed as outputs.

- a signal which represents the total disturbance (internal and external) is injected as a feedforward
compensation term for the input of the plant, adding it to the output of the current controllers. The y-
& components of the feedforward signal are expressed as in equations (2.10).

Vyff = _Ld(fy + ’fey + ’fidy)
o (2.10)
Varr = —La(f5 + fes + fias)

In addition to that, the PI controllers used in the FOC scheme are replaced by simple proportional regulators,
as the plant combined with the two LESOs is equivalent to an integrator 1/s (the proof of this can be found in
[8]). Therefore, the FOC diagram has to be slightly modified to implement the ELADRC algorithm. Of course,
also in this case Lg = Lq = Ls was assumed.

The LESO1 and LESO2 schemes and integration in the plant are reported in Fig. 2, whereas the PLL is shown
in Fig. 3. Please note that in the Fig. 2 x=y and & .

lsxr‘" s
&/

Fig. 2 LESO1 and LESO?2 integration in the plant
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Fig. 3 PLL used for LESO observers

2.3 SMO-FACCE algorithm
An Enhanced Sliding Mode Observer is presented by An et al. in [77]. They improved a well-known sliding-

mode algorithm [72-75] adding a frequency-adaptive complex-coefficient filter (FACCF) to it.
According to [77], the SMO can be expressed by the following equation (2.11).
iq R; [i« 1 Vo = Za
s |=——]s | t— 2.11
P [ig] Ly 18] Ly [vg — 7] @1
where 1, and TB are the estimated stator currents and z,, , zg are the sliding mode control functions, which can

be expressed as in equation (2.12).

(2.12)

[ig] Ck [sgn(ia - 1a)
sgn(ip — ig)

where k is the gain parameter.
When the system operates in sliding mode, it can be proved that z, and zg contain the back EMFs e, and eg
and therefore the rotor position information. However, the raw z, and zg signals cannot be used for position
estimation directly, because they are affected by the chattering due to sliding mode switching function. To
overcome this, asigmoid function is used instead of the signum function. Since this is not enough, the authors
constructed a FACCEF filter to obtain the estimated back EMFs as in equation (2.13).

e Z

==l =
As they demonstrate, the FACCF behaves like a band-pass filter, whose central frequency is @ and w,. is the
cutoff frequency, generally set to be 0.5 + 10 times the central frequency. If the FACCF is centered on the
estimated rotor speed, it filters out the high-frequency components from the sliding mode functions, leaving
the back EMFs. At this point, the estimated rotor position and speed can be obtained using a normalized PLL,
similarly to the algorithm described before this.
Since the filter scheme involves multiplications by the estimated angular speed, it cannot work if & is zero,
because no output is generated in this condition. For this reason, a switch logic has to be implemented in the

algorithm, in order to add a small offset term to & at zero speed only.
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2.4 RFO Algorithm
As it will be shown in section 3.2, the RFO algorithm showed the best results. For this reason, the theoretic

description of this algorithm will be carried out more deeply.

2.4.1  Mathematical modelling

If one considers the model of a SPMSM (equations (2.3) and (2.4)) the stator flux derivative (/ia,g = [/ia . /i,g]T
) can be defined as in equation (2.14) and the stator flux (4,5 = [la,ﬁﬂ]T ) as in equation (2.15), being ¢ the

Permanent Magnet flux linkage constant and C,;(6) =[cosd,sin o .

A =V —Riyg (2.14)

Aup =L +0,C,5(0) (2.15)

The rotor flux ( X,z = [X,, Xﬂ]T ) of a SPMSM can be given by equation (2.16). If one differentiates both sides

of (2.16), one obtains equation (2.17), where J is given by equation (2.18) and p = i .

dt
Xy5 = A5 =Ly = 0,C(0) (2.16)
X, =V, — Ri,; = Lpi,; =—0,0IC_,(6) 2.17)
J= o 2.18
-1 0 (2.18)

Since the aim of the sensorless algorithm is to estimate the rotor position, one can calculate such a quantities

taking into account equation (2.19).

>

Hztan‘l( Aﬂ] (2.19)

a

X

In [81] an observer with zero initial value was proposed; the state observer qa,; was defined as in equation

(2.20)

qaﬂ (t)= Vop — Riaﬂ - Lpiaﬁ’ q(0)=[0, O]T (2.20)

Please note that qa,, and Xaﬂ have same dynamics, but different initial conditions. If one defines

fa = /10,/; (0) - Liaﬁ (O) , iIf follows equation (2.21).
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Xop (t) =0, (t) + gaﬁ (2.21)

Since ||qaﬁ + aﬁ”Z = ”Xaﬂ”Z and - goé , 0ne can obtain from equation (2.21) the relation in equation

-

(2.22)

sl =200, &+ - 02 (2.22)

In order to obtain a linear regression form, it is necessary to derivate equation (2.22). However, a pure

derivative is always associate to noise amplification in real applications, therefore an high-pass filter ap
p+a

can be applied to both side of equation (2.22). Indeed, ap_ _ p- @ | ie., itis a derivative for low-

p+o P+o

frequencies but with a low-pass filter forms. Applying the high-pass filter to equation (2.22) one obtains

equation (2.23), where y(qaﬂ) and Qaﬂ (qaﬁ)are defined in equations (2.24) and (2.25).

y(qaﬁ) = Qaﬂ (qaﬂ )T éaﬂ + g(t) (223)
y(Q,,) = F;i';(llqaﬁllz) (2.24)

2
Q,,(0,,) = p%z C) (2.25)

Since ||§||2 - (pri is a constant, one obtains equation (2.26) for some C>0.
0 =L (Jelf - g2 )= ace (2.26)
p+a

Equation (2.23) represent a linear regression equation with an unknown parameter ¢. Indeed, it is a product of
a known vector Qaﬂ (qaﬂ) , by faﬂ. Therefore a parameter estimator can be derived using the descent gradient

method, obtaining equation (2.27) and equation (2.28), where [ is a gain matrix. The derived sensorless control

is shown in Fig. 4.

E.p =T Q05 )(V(0yp) — Qs (Up) Ep)s £,5(0) €R? (2.27)
faﬁ 0) =0, [COS(@O); Siﬂ(@o)] (2.28)
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System

v = Ri+ Lpi + X

Fig. 4 Observer and parameter estimator proposed in [81]

2.4.2  Simulation results
In order to understand more easily the working principle of the scheme in Fig. 4, some simulation results carried

out in study are shown in this section.

Since qaﬂ is initialized at zero, the two vector components are affected by a bias error. This bias is related to
the real initial rotor angle. For simplicity, one can consider the case in which g, =—90° and faﬁ is initialized
correctly, i.e. as in equations (2.29). In this condition, qaﬂ is given by equations (2.30) and Xaﬂ is given by
equations (2.31). Indeed, the bias of qﬂ is corrected by fﬂ , 8 shown in Fig. 5, where simulation results of
this particular condition are shown. In this case, the bias is corrected from the beginning because faﬂ is
initialized correctly; if faﬂ is not initialized correctly, the estimator loop provides the correct bias correction.

Please note that the bias of qﬂ is intrinsic in observer definition; indeed both equations (2.29), (2.30), (2.31)

and simulation results of Fig. 5 are obtained in ideal conditions.

&, = ¢y cos(6,) =0
{fﬁ =,sin(6,) = -9, (229
d, = [V, =Ri, =9, cos(9) 230)
a, :jvﬁ —Ri, =@, +¢,sin()
X, = ¢n, €0S(0)
{xﬁ =g, sin(0) (2:31)
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Fig. 5 gg (yellow), & (blue) and xg (red) when 60=0, estimator shown in [81], @,, =14Whb.

The observer proposed in [81] is straightforward and simple. However, it is sensible to DC disturbances. As

an example, one can consider the previous case, with a negative dc error on i_ measure. In this case q, is

given by equation (2.32) and therefore it diverges. The simulation results for this case are shown in Fig. 6.
Please note that the observer diverges even if faﬂ is correctly initialized, as it can be shown more easily in the

simulation plot with time enlargement in Fig. 7.

q, = jva —R(i, =1 pc) =@, cos(6) + I Ri_pc (2.32)
150 T T T T
100 — il
g 50 n
5 A A
Lo A
50 F -R‘h“*-ﬁ-ﬁ_‘i%x‘ —
100 | | | | | -T_h‘ T
0 1 2 3 4 5 6 7

Time [s]

Fig. 6 g« (yellow), & (blue) and X, (red) when 8o=0 and with i, negative dc error, estimator shown in [45,] ¢,, =14Wb.
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Fig. 7 g« (yellow), &, (blue) and X, (red) when 8,=0 and with i, negative dc error, estimator shown in [45], time axis
enlargement, ¢, =14Wb.

2.4.3  Feedback addition to avoid dc disturbances
In order to avoid the problem connected to DC disturbances, in [50] a feedback loop was added, as highlighted

in blue in Fig. 8.

System

» V= Ri+ Lpi+X]| ;

Fig. 8 Observer and parameter estimator proposed in [50]
Adding the feedback containing T, gain, one obtains the observer defined by equations (2.33).
The simulation with i, dc disturbance was carried out with the sensorless algorithm defined in equations
(2.33) and the results are shown in Fig. 9. One can note that with the addition of the feedback containing T",

gain x, has null average value and q, do not diverge anymore.

Massimiliano Passalacqua Pag. 26

DITEN - Electrical, Electronics and Telecommunication E '{—”—’l PETRA La‘b B Power Electronics,
= i O TRansportation and Automation Laboratory



University of Genova

DITEN - Electrical, Electronics and Telecommunication E '{—”—’l PETRA Lab B Power Electronics,
. . = i O TRansportation and Automation Laboratory

Engineering and Naval Architecture Department

qaﬂ = Vaﬁ - Ria/}’ - Lpiaﬁ + rl ("505/1”2 - (/’ri )' qaﬂ (O) = [0, O]T

E.p =T2020,) (Y(0) ~ Qs (0,) €, ). E,5(0) R

V(0) == [l y(0)=0
Pra
ap (2.33)
= 29 ., Q_,(0)=[0,0]"
aﬂ (qaﬂ) p +a qaﬁ' aff ( ) [ ]
Xaﬂ = qaﬁ aff

. X
6= atanz(—ﬁj
Xa

i A\
i H||‘|| HM\ ||\|

| I:‘\I':‘I”'I‘\“"‘I "' "‘IM”\ {{f{HH |H |M

VTRV ‘I ‘ i! \I.‘\lul l “Hll “”, m\“ “l”” HM

Time [s]

Fig. 9 q. (yellow), &, (blue) and X, (red) when 8,=0 and with i, negative dc error, estimator shown in [50]

2.4.4  Definition of T, gain

From the results shown in the previous section, one can note that the feedback loop containing T", gain aims

at avoiding qa,] divergence. Since it does not intervene directly in the estimator inner loop (containing T,

gain), its influence on the estimator dynamic is limited. On the contrary, the estimator loop containing T", gain

is the core of the RFO observer, and therefore an appropriate tuning of such a parameter is fundamental in
order to achieve a good drive dynamic.

Even if this sensorless technique was proposed in [50, 81], none of these papers show a methodology for T",

tuning, which is proposed in this thesis. If one considers the loop shown in Fig. 10, the inputs of the loop are

ul = y(qaﬁ) and u2 = Qaﬁ(qaﬂ) .
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)

Uy L e

Fig. 10 I loop of estimator proposed in [50, 81]

§aﬂ is defined in equation (2.34). Please note that for notation simplicity, the of subscripts are omitted in the

following equations and complex number notation is exploited. Since the function f, is non-linear, a

linearization process should be carried out, as shown in equation (2.35). Moreover, since motor drives are
discrete systems, equation (2.35) is linearized as in equation (2.36), obtaining, after the algebraic
simplifications of equations (2.37) and (2.38), the linearized and discretized equation of the loop in (2.39).
Evaluating the eigenvalue as in equation (2.40), one obtains the eigenvalue in (2.41), where Tc is the sampling
time.

= £, = U, (U, — U,&) (2:34)

e aal

Sk+1)—-&(k) _ o, L | U (k)
. ot {ul uj{uz(k)} (239
_ o o Jfw
Sk+1)= agé(k)Tc%(k){aul 6%}{%(@}% 2.37)
1 of . of u, (k)
E(k+1) = { ch Jrl}g(k)J{aul c a_uzTc}[uz(k)} (2.38)
(k+1D)=A&K)+B 1 (k) A=-T,uT. +1
Sk+1)=As(k)+ Uz(k)’ =—lyUylc + (2.39)
A—A=-T,uT. +1- A4 (2.40)
A=-T,ulT, +1 (2.41)

If one approximates the output of the observer as a sinusoidal function, as in equation (2.42) and neglects the

low-pass filter of Qaﬂ (qaﬁ) function, one obtains equation (2.43). Neglecting the stator resistance and the

stator inductance, i.e., considering "V/CU" =||V|| , one can define the eigenvalue as in equation (2.44).

0,5 = [ COS(t), @, sin(cot)]T (2.42)
U, =2pq =[—2pwsin(at), 2pmcos(at) ]T (2.43)
A =—AT V2T, +1 (2.44)
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Since a discrete system is stable if the eigenvalues are inside the circle with centre in the axis origin and having
unitary radius, it follows that the loop of Fig. 10 is stable if condition in equation (2.45) is verified. Imposing

null eigenvalue, the gain T", can be defined as in equation (2.46)

—2 <—4T VT, <0 (2.45)
A=0 »T,=—+ (2.46)
4v-T,

In equation (2.42) the low pass filter is neglected, i.e., the condition in equation (2.47) is imposed. Indeed the
high-pass filter can be seen as a combination of a low-pass filter with the derivative operation, as specified in
equation (2.48). It is interesting to note that when the frequency of the stator voltage is higher than the cut-off
frequency of the filter, the eigenvalue is defined as in equation (2.49). Since in this condition inequation (2.50)

is verified, it follows that, from stability point of view, neglecting the low-pass filter is a conservative

hypothesis.
u, =% 2q=2pq (2.47)
p+a
S __ & (2.48)
Sta  s+a
0> a—> A =4, (ya)’ T, +1 (2.49)
AT, (par)*Te < AT ,V7T, (2.50)

2.5 Extended-RFO Algorithm

A different type of nonlinear observer was developed by Choi et al. in [82].

First, they defined the active flux as in equation (2.51).

o CT T O =

Then, |x]|? is converted into a new linear regression form, to which a high-pass filter (p%) is applied to
minimize the effect of constant terms, similarly to the previous algorithm.

The resulting observer is summarized as in equations (2.52).

A= Ve — Reigp + Y2 (y — 2,"%),  A(0) € R?
)? = 7\ - LqiaB
(x' . . .
) Q, = hta (vaB — Rgigp + O(quaB) — aLgiag (2.52)
(x' . . .
.Qz = b o (VaB - RslaB + aLdlaB) - (delaB
! 2,70 +1(1 ! )llQ ||2+ALQT( 2 )
y_p+oc P20 2\a p+a/ L p+ocl°‘l3
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where vy is the observer gain and a affects the bandwidth of the high-pass filter.

Finally, the estimated rotor position can be calculated as in equation (2.53).
. R
8 = tan! (A—B) (2.53)

Note that the regression model-based algorithm was developed for an IPMSM, as demonstrated by the fact that
AL appears in the equations. However, the model can be adapted to a SPMSM, as the authors themselves state,
simply assuming Ly = Lq = Lsand AL = 0. In this case, Q1 = Q, and the equations are simplified as in equations
(2.54).

(X = veg — Rslgg + Y2y — QT%),  A(0) € R?
R =X — Lgigg
4 o (2.54)
Q= - (Vap — Rsigg + algiqg) — aLgigg
1,1 1 ,
v=3(z+57a) 10

Another aspect should be mentioned: this algorithm needs the flux linkage value only to compute the initial
condition of state variable x.

2.6 Direct axis current (Id) reference management

A novel management of direct axis current (Id) reference is proposed in this thesis and tested on the RFO

algorithm.

x, and X, derivatives (equations (2.33)) tend to zero at low speed, as a matter of fact x, and Xﬂ are quasi-

s
sinusoidal quantities with almost constant peak values and frequency equal to motor electric frequency. Taking
into account inverter nonlinearities, which are reported in Fig. 11 [54], when currents approach zero, the
inverter voltage drops change rapidly, therefore nonlinearities compensation is less precise; if also voltage
tends to zero (i.e. low speed), the influence of voltage drop on voltage estimation becomes significant and the
estimation worsen. This condition is particularly critical during transition from medium-high speed to low
speed; indeed, voltages and currents approach rapidly zero, starting from high values. An heuristic method was
implemented to improve algorithm performance during transients [53]. Id reference ( 1d ), which is normally
zero in order to minimize losses, is set to a positive value during transients. In this way, the current is different
from zero and the inverter works in the region where the voltage drop is almost constant and therefore
nonlinearities compensation is more efficient. This aspect is confirmed by the fact that the current amplitude
which should be injected is almost independent from motor sizing but depends on inverter features (dead times,
parasitic capacitance etc.). In SPMSM Ld = Lq and therefore electromagnetic torque is almost directly
proportional to Ig; for this reason the injection of a constant d-axis current does not produce electromagnetic

torque. In addition to that, defining Id,, and Iqg,,, as the d-axis and g-axis current in the real synchronous

real

reference (reference with @, ), the relation between currents and estimated angle error 46 (defined in equation
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(2.55)) is given by equations (2.56) and (2.57), where 1q, is the Iq reference value. Therefore, the torque

produced by Iq,, contributes to 46 reduction (since the additional term to 1q,; accelerates the motor if the
estimated angle is lower than the real angle and vice versa). Id reference management flowchart is shown in
Fig. 12, whereas parameter values are reported in Table 1. Please note that ¢y, ., has to be considered as speed
absolute value; indeed the algorithm works both with positive and negative speed. The values in Table 1 and
Fig. 12 were evaluated experimentally; 1d and ., are the lower values that guarantee a proper behaviour

of the sensorless control.

5

AO=0.-G (2.55)

d,.,, = 1d-cos(A6) (2.56)

Iqreal = Iqref +1d Sln(Ae) (2.57)
10
8
=b
4
2
0

0 2 8 10 12
| ?A]
Fig. 11 Inverter voltage drop (AV) as a function of motor current (I)
Speed (o)
% Clock
o(t)<o lim No R - P o
I g "haset clock .y M2 1d ret=o
Yes
- y.VES Id_ref=Id If clock<1
‘YL‘(;‘L‘; Id ref=1d-(2-clock) If clock>1
Fig. 12 1d reference management during transient
Table 1 Id reference management parameters
Symbol | 29 Nm PMSM | 2 Nm PMSM | 9.5 Nm PMSM
B 50 rad/s 50 rad/s 50 rad/s
d 2A 2A 2A
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2.7 FOC scheme

All the algorithms have been implemented on the same FOC scheme, shown in Fig. 13

¥ =10 - - * \ "
> = o\l '
- \ %
w* — ig* — - v * di ‘\_‘ vg* PWM
S P : \t,—{ PI | ® L AN

& [¢]
.‘\‘ ‘\\ -
Vo * iy \ ta |\ 1a
POSITION AND SPEED \ aff \ abc 1

vg* ESTIMATOR ip \ \ ) .
A \ \ | sPMSM |
‘\ . \ . \ /
dq \ ig aﬁ \\‘ ip ‘\\,_,,./

Fig. 13 FOC scheme

The estimated rotor speed was obtained sending the position estimation to a PLL shown in Fig. 14. This made
it possible to avoid deriving the estimated angle, which would lead to amplify the high-frequency content of
the signal.

sin

H

sin

Fig. 14 PLL scheme

The gains of the PLL PI can be evaluated considering the transfer function in equation (2.58), which is the
combination of an integrator and a delay. Considering a Tc equal to 200 us (5 kHz of frequency) and in order

to obtain a phase margin higher than 60°, kppu_ =800, kip|_|_ =10000 can be chosen.

(2.58)

1 1
Gy (8)==
. (5) ssT +1
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3  Test bench and experimental result on SPMSM
3.1  Testbench

The algorithms were tested at first in the PETRA Lab of the Electrical, Electronics and Telecommunication
Engineering and Naval Architecture Department (DITEN) in the University of Genoa.

The control was implemented in the platform for Rapid Control Prototyping (RCP) Dspace MicroLabBox.
The digital single-ended signals to control the PWM are sent to a board that converts them to fiber-optic signals,
which are sent to the inverter, as shown in Fig. 15. Two analog inputs for current measurements and a resolver

interface (which is used to compare the estimated angle with the real angle) are also used.

Fig. 15 Dspace MicroLabBox and board to convert single-ended signals to fiber-optic signals

The inverter used to supply the motor is a prototype inverter which has three fiber-optic signals as input and
that has a dedicated board to add the dead times to the PWM commands and to implement the inverter

protections. The inverter is shown in Fig. 16 and inverter parameters are reported in Table 2.

Fig. 16 Prototype inverter
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Table 2 Prototype inverter parameters

Parameter Value
Rated current 300 A
DC link voltage 550 V
Dead time 4 s

PWM switching frequency | 5 kHz

Sampling frequency 5 kHz

Regarding the motor test bench, different configurations were proposed in order to test the algorithms.

The first test bench consisted of two coupled motor, as shown in Fig. 17. One motor simulates the load, it is a
29 Nm one equipped with an absolute encoder, so that a sensored FOC can be implemented and the different
load profiles can be generated precisely. A 29 Nm motor and a 2 Nm motor can be coupled to the load-motor.
Each motor is equipped with a resolver, which is used to compare the estimated angle with the measured angle.
Only the estimated angle is used in the sensorless FOC.

Another test bench was proposed, which consist in a 9.5 Nm motor coupled with an air compressor. The
compressor is a particularly demanding load since it is characterized by high torque at standstill and, moreover,

the torque is highly intermittent. The air compressor test bench is shown in Fig. 18.

Fig. 17 (left) 29 Nm motor test bench (right) 2 Nm motor test bench
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Fig. 18 Air compressor test bench, 9.5 Nm

The characteristics of the three different motors are reported in Table 3.
LEM hall effect probes are used to measure two phase currents and, since the motor is a 3-wire system, the

third current is calculated as the opposite of the two current sum.

Table 3 Motor parameters

29 Nm 2Nm 9.5Nm
Voltage 350V 376V 370V
Current 119A 22A 89 A
Mechanical speed 209 rad/s 520 rad/s 419 rad/s
Torque 29 Nm 2 Nm 9.5Nm
Pole pairs 4 4 4
Winding resistance 0.83Q 1.75Q 05Q
Winding inductance 4.8 mH 5.75 mH 2.3 mH
Flux linkage constant 0.342 0.147 0.18

3.2  Sensorless passive algorithm comparison: ELADRC, SMO-FACCF, RFO and Extended-RFO

The test bench with the load-motor coupled with the 2 Nm motor, Fig. 17 (right), was used to perform the

comparative tests for the four different algorithms.

Since the low-speed region is the critical operating area, the test were performed in these working conditions
considering different torque profiles. In particular, motor starting with rated torque at standstill was tested.
Indeed, this test is of primary importance in order to understand if the sensorless algorithm can work from
standstill or if it is necessary to start the motor with other methods (e.g., active methods or I-F) and then
switching to the passive algorithm at a certain speed. Moreover, since the passive algorithms are based on the
motor model, algorithm robustness towards parameter variations (in particular, stator inductance and flux

linkage) should be analysed.
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In particular, the following test were carried out:

- Test 1. The reference speed value was changed, in no-load conditions, from 0 to 20% of nominal
speed in three consecutive steps: first it was set to 15.6 rad/s, which corresponds to 3% of the rated
speed, then to 52 rad/s (10% of rated speed) and finally to 104 rad/s (20% of rated speed). Then, a
rated load torque step was applied at 104 rad/s.

- Test 2. The motor was started from zero speed with constant rated torque applied, setting the reference
speed to 3% of rated speed.

- Test 3. A load step from 0 to 50% of the rated torque was applied when the motor was running at 52
rad/s (10% of rated speed). Then, full torque was applied, and reduced to 50% again. When possible,
full load torque was applied and removed directly.

- Test 4. An error in the stator inductance parameter was introduced at 52 rad/s with full load torque
applied if possible. The inductance value was changed from 5.7 mH (its real value) to 3.0 mH, then
to its real value again, and finally to 9.0 mH.

- Test5 (only RFO and Extended-RFO). An error in the flux linkage constant was introduced at 52
rad/s with full load torque applied. First it was changed from 0.147 Wb (rated flux) to 0.1 Wb, then
to 0.147 Wb again and finally to 0.2 Wh.

- Test 6 (only RFO and Extended-RFO). A no-load starting was performed with the flux parameter
set to 0.1 Wb (68% of its real value), setting the reference speed to 3% of rated speed. If successful,
a full-load starting test was then carried out.

Please note that during the tests with constant rated torque, the torque T, was managed to be proportional to
the rotor speed in the operating region close to standstill, and then limited to the rated value T, for

immediately higher speed values, as expressed by equation (3.1).

T.[INm]=2-T,[Nm]-afrad /s], [T |<T, (3.1)
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3.21 Testl

The reference speed value was set to 3%-10%-20% of rated speed, consecutively, starting from standstill, in
no-load conditions; then a full load step was applied. The ELADRC was faster to start the motor than the others
(Fig. 19 left), but the error peak-to-peak amplitude was higher (0.4 rad). Extended-RFO had the lowest average
error (Fig. 20 right). RFO showed stable performances at all the speed levels, having a generally low estimation
error mean value and fluctuation (Fig. 20 left). Note that ELADRC and FACCF-SMO were not able to

withstand the full load torque step at all (Fig. 19). Position estimation results are summarized in Table 4.
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Fig. 19 (left) ELADRC (right) SMO-FACCEF. Speed and angle error when reference speed is set to 3%, 10%, 20% of rated
speed in no-load conditions and after full load step is applied at 20% of rated speed (Test1).
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Fig. 20 (left) RFO (right) Extended-RFO. Speed and angle error when reference speed is set to 3%, 10%, 20% of rated
speed in no-load conditions and after full load step is applied at 20% of rated speed (Testl).
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ez

Table 4 Position estimation errors during Test 1

PETRA
é TRansportation and Automation Laboratory

Lab -

Power

Angle estimation error o (rad)  Mean value / Peak-to peak amplitude | Starting
Algorithm time
3% an 10% on 20% an Full load applied
0-3% an
ELADRC 0.15/0.4 0.28/0.03 0.45/0.02 Not successful 0.2s
SMO-FACCF | 0.15/0.3 0.2/0.3 0.3/0.25 Not successful 0.3s
RFO 0.05/0.14 0.12/0.04 0.18/0.04 0.16/0.05 0.4s
Extended-RFO | -0.1/0.12 -0.03/0.05 0.0/0.04 0.01/0.05 0.4s

Massimiliano Passalacqua

Pag. 38

Electronics,



University of Genova

DITEN - Electrical, Electronics and Telecommunication
Engineering and Naval Architecture Department

? = % E ] PETRA lLab - Power Electronics,
= i L&é TRansportation and Automation Laboratory

3.2.2
Only the RFO was able to start the motor with constant full load torque applied (Fig. 22 left). The behaviour

Test 2

of the other algorithms is reported in Fig. 21 and Fig. 22. Since starting process at 3% of rated speed was
successful in that case, also 10% and 20% speed steps were applied and the algorithm showed good
performances, as Fig. 22(left) reports. The motor did not start with the other observers, as summarized in Table
5.

Please note that, even if the no-load motor starting with the RFO is longer than the starting with the other

methods (as shown in Test1) the RFO is the only algorithm that is able to start the motor with full torque.

40 Measured speed 40

Mechanical speed (rad/s)
N
S
Mechanical speed (rad/s)

II,ﬁWM\Wthrmmmr\rewwmwfw
\ |

[ N
y 1n - L { D | .\

t(s) t(s)

Fig. 21 (left) ELADRC (right) SMO-FACCF. Reference speed, estimated speed and measured speed during full-load
starting at 3% of rated speed (Test2).
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Fig. 22 (left) RFO (right) Extended-RFO. Reference speed, estimated speed and measured speed during full-load starting

at 3% of rated speed (Test2).

Table 5 Algorithm performances during Test 2

Performance during full-load starting

ELADRC Not successful
SMO-FACCF | Not successful
RFO Successful

Extended-RFO

Not successful
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3.23 Test3

Load torque steps were applied at 10% of rated speed. It was possible to apply full rated torque directly without
leading to instability only with RFO and Extended-RFO. They both reacted well to a full load step (Fig. 24);
in particular, RFO Algorithm returned to the previous no-load angle error value, but after a slightly longer
transient.

Rated load torque was applied gradually in two steps (0%-50%-100%) to the other algorithms. ELADRC
managed to keep the speed at its reference during load changes (Fig. 23 left), while there was a stability collapse
for the FACCF-SMO as the load torque reached 100% of its rated value (Fig. 23 right). Table 6 shows the

mean value of position error for each case and its variation with respect to the no-load condition at the same
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Fig. 23 (left) ELADRC (right) SMO-FACCF. Speed, angle error and measured stator currents when 50% and 100% of
rated load torque is applied at 10% of rated speed (Test3).
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Fig. 24 (left) RFO (right) Extended-RFO. Speed, angle error and measured stator currents when full load torque is applied

at 10% of rated speed (Test3).

Table 6 Position estimation errors during Test 3

Angle estimation error go (rad) at 10% an

Mean value / Variation from no-load

Algorithm

50% rated torque applied | 100% rated torque applied
ELADRC 0.33/ Aee=0.05 0.39/ Aee=0.11
SMO-FACCF | 0.25/ Age=0.05 Not successful
RFO N.A. 0.12 / Aee=0
Extended-RFO | N.A. -0.08 / Ago=-0.05
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3.24

Test4

As regards Test 4, variations in the stator inductance parameter were introduced in full load condition, except
for the FACCF-SMO which could not withstand rated load torque as showed before and was therefore tested
under 50% load condition. Results are listed in Table 7. Extended-RFO Algorithm showed the greatest
robustness against inductance variations (Fig. 26 right). Position estimation error varied less than + 0.1 rad
with ELADRC (Fig. 25 left), while a greater variation was observed in the RFO (Fig. 26 left). FACCF-SMO
became unstable when the inductance parameter was set to 9 mH (Fig. 25 right).

L=57mH L=3mH L=57mH L=9mH IL=57mH L=3mH L=57mH L=9mH
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Fig. 25 (left) ELADRC (right) SMO-FACCF. Angle error when variations in the stator inductance parameter are
introduced at 10% of rated speed with 50% of rated load torque applied (Test4).
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Fig. 26 (left) RFO (right) Extended-RFO. Angle error when variations in the stator inductance parameter are introduced
at 10% of rated speed in full load conditions (Test4).

Table 7 Position estimation errors during Test 4

Angle estimation error go (rad) at 10% wn

Mean value / Variation with respect to the

Algorithm real inductance condition (L = 5.7 mH)
L=3mH L=9mH
ELADRC 0.48 / Aes=0.09 0.31/ Aee=-0.08
SMO-FACCF
0.3/ Age=0.05 Unstable
(half load)
RFO 0.25/ Aee=0.13 -0.05/ Age=-0.17
Extended-RFO | -0.03 / Ag=0.05 -0.15/ Ago=-0.07
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3.25 Testh

Test 5 was performed under full load condition, applying variations to the flux linkage constant. As summarized
in Table 8, both RFO and Extended-RFO showed great robustness against changes in flux linkage value, with
no appreciable error variation (Fig. 27).

¢ =0.147 Wb o = 0.1 Wb & =0.147T Wb @ =02Wb o =0.147 Wb le=0.1Wb ¢ =0.14T Wb ©=02Wb
05 + 05 T

| 1
- | -
03f 1 r

Electrical angle error (rad)
5

Electrical angle error (rad)
)

Fig. 27 (left) RFO (right) Extended-RFO. Angle error when variations in the flux linkage parameter are introduced at 10%
of rated speed in full load conditions (Test5).

Table 8 Position estimation errors during Test 5

Angle estimation error g (rad) at 10% an

Mean value / Variation with respect to the

Algorithm real flux condition (pm = 0.147 Wh)
om=0.1 Wb om=0.2 Wb

RFO 0.12 / Ags=0 0.12 / Age=0

Extended-RFO | -0.08 / Age=0 -0.08 / Aee=0
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326 Test6

As shown in Fig. 28, only the RFO was able to start the motor in presence of a 68% uncertainty in the flux
linkage constant (pm = 0.1 Wh). Since starting without load was successful, the test was repeated in full load
condition, and also in this case the performance was good. The results of Test 6 are summarized in Table 9.

Starting without lead torque Starting with full load torque
50 + : : e 50
Reference speed Reference speed
Estimated speed Estimated speed
40 Measured speed 8 40 ~—— Measured speed |
@ @
E 30 g 30
E 1
g’ 20 - s | |
]
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Fig. 28 (left) RFO (right) Extended-RFO. Speed and angle error during no-load starting at 3% of rated speed with a 68%
variation in the flux linkage constant (Test6).

Table 9 Algorithm performances during Test 6

Performance during starting with
wrong flux value (pm = 0.1 Wh)
RFO Successful

Extended-RFO | Not successful
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3.3  Additional tests for RFO algorithm

Since in section 3.2 it was demonstrated that RFO algorithm is the most performing algorithm among the tested
ones, several additional tests were carried out using RFO.

In particular, the Id management technique shown in section 2.6 was tested. Moreover, different speed steps,
speed inversion with no-load, linear torque and constant torque were tested. Finally, the behaviour with the air-

compressor test bench was analysed.

3.3.1  Tests with Id reference management technique
Reference, measured and estimated speed during transient from 180 rad/s to 5 rad/s with no-load and 29 Nm
motor are shown in Fig. 29 (test without Id injection) and in Fig. 30 (the test with 1d injection), figures taken

from [55]. One can note the great improvement achievable with the proposed technique.
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Fig. 29 Reference, measured and estimated speed during transient for 180 rad/s to 5 rad/s with no-load and 29 Nm
motor, without Id injection
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Fig. 30 Reference, measured and estimated speed during transient for 180 rad/s to 5 rad/s with no-load and 29 Nm
motor, with Id injection
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The benefits of the Id injection technique can be seen also in the test with speed transient from 180 rad/s to
minus 180 rad/s with linear torque and 29 Nm motor. The reference, measured and estimated speed are reported
in Fig. 31 (no Id injection), whereas the measured Id and Iq are shown in Fig. 32 (ho Id injection). One can
note that during the zero-speed crossing, the correct rotor position estimation is lost and therefore Id and Iq
have high frequency components, as it can be noted in Fig. 32 left. This leads to current ripple and acoustic
noise.

On the contrary, none of this problem can be noted in the test with Id injection, as it can be seen from speed
plot in Fig. 33 and current plots in Fig. 34.

Please note that, since the Id injection demonstrates a great improvement, this technique will be used in all the

tests shown from this point forward.

Measured speed (blue})

Speed reference (green)
Estimated speed (red) [rad/s]
: o 3
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P
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-200

0 5 10 15 20 25 30
Time [s]

Fig. 31 Reference, measured and estimated speed during transient for 180 rad/s to -180 rad/s linear torque and 29 Nm
motor, without Id injection
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Fig. 32 Measured Id and measured Iq during transient for 180 rad/s to -180 rad/s linear torque and 29 Nm motor, without
Id injection. (left) entire test (right) enlargement
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Fig. 33 Reference, measured and estimated speed during transient for 180 rad/s to -180 rad/s linear torque on 29 Nm
motor, with Id injection

25
20
15

o

Measured Id (red)
Measured Iq (blue) [A]
[=]

Measured Id (red)
Measured Ig (blue) [A]

Time [s]

Fig. 34 Measured Id and measured Iq during transient for 180 rad/s to -180 rad/s linear torque and 29 Nm motor, with Id
injection. (left) entire test (right) enlargement

3.3.2  RFO tests with additional speed and torque profiles

Additional tests were carried out with the RFO algorithm, in order to prove its validity in a wide range of
working conditions. Motor starting with no-load, using the 2 Nm motor, with reference speed equal to 10 rad/s
(2% of rated speed) and 180 rad/s (25% of rated speed), considering also speed inversion, is shown in Fig. 35
and same test is shown in Fig. 36 with constant torque, always with 2 Nm motor.

Additional tests were carried out also with the 29 Nm motor, considering motor starting from standstill to 180
rad/s (85% or rated speed), with no-load (Fig. 37) and linear torque, i.e., load torque proportional to motor
speed, (Fig. 38).

All the tests showed a good behaviour of the RFO sensorless algorithm.
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Fig. 37 Motor starting to 180 rad/s, no-load and 29 Nm motor
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Fig. 38 Motor starting to 180 rad/s, linear torque and 29 Nm motor

3.3.3  RFO tests on air compressor test bench

The RFO was tested also on the air compressor test bench. Reference and measured speed are shown in Fig.
39. Speed steps from standstill to 10 rad/s (2.4% of rated speed) and 400 rad/s (95% of rated speed) were given
as reference. As aforementioned, the compressor load is particularly demanding; as a matter of fact high torque
is required at standstill and the torque is highly intermittent, as it can be noted in Fig. 40 where 1q (which is
proportional to the electromagnetic torque) is plotted. Please note that the current is negative due to

measurement conventions. Also in this test the proposed algorithm showed a good behaviour.
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Fig. 39 0 rad/s, 10 rad/s and 400 rad/s speed steps with compressor test bench and 9.5 Nm motor
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Fig. 40 Measured Iq with compressor test bench and 9.5 Nm motor, time axis is referred to the same test of Fig. 39

3.4  Self-commissioning technigue

Self-commissioning technique consists in the drive ability of autotuning. Regarding the self-commissioning of
RFO algorithm, stator resistance (R), stator inductance (L) and magnetic flux constant should be determined.
Since the sensorless algorithm shown before modifies the initial magnet flux linkage value in order to match

the real value, an approximated value for 7 can be derived directly from motor rated voltage and speed.

Indeed, considering null currents and constant speed, from equations (2.4) one can obtain equation (3.2)

. V-y2/3
e e —— 3.2)

Where V is the rated voltage (phase-to-phase root-mean-square value), @ is the rated mechanical speed in
rad/s and p is the number of pole pairs. Therefore, the self-commissioning algorithm has to identify the stator

resistance (R) and the stator inductance (L). Observing equation (3.2) one can notice that R could be estimated

injecting a constant voltage, whereas L injecting a sinusoidal high-frequency voltage, as shown in (3.3):

RoVe | _ Ve (3.3)
I, ol

Where V_ and 1_are the voltage and current components in the stationary Clarke transformation and @ is

the voltage frequency in rad/s. w has to be sufficiently high so that the voltage drop on stator resistance can be
neglected. However, since during self-commissioning voltage is injected using the drive inverter, its

nonlinearities have to be taken into account. In Fig. 41, inverter reference voltage Vv~ as a function of injected
direct current 1 is shown; results were obtained with measurements on the 29 Nm motor. According to what

presented in [99], stator resistance can be evaluated as the curve slope when Vv becomes linear (i.e. for
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i, >5A), using a linear regression approach. In Fig. 41 voltage error AU s also shown, which is defined

as in equation (3.4):

AU=V* -R-1, (3.4)

25

——\V*0o —@—AU

V*a[V]

6
la [A]

Fig. 41 and AU as a function of

Since voltage error becomes constant fori_, >5A, L can be estimated superimposing to the sinusoidal voltage
in equation (9) a DC voltage so that instantaneous value of i  is always above 5 A, as shown in [100]. In

particular, current from 70% to 100% of motor rated current was injected to evaluate motor resistance and 85%
DC current was injected with a 15% amplitude sinusoidal current superposed, so that instantaneous current
was always above 70% of rated current. For this reason with the inverter used in the test, only motors with
rated current above 7 A can be used with the self-commissioning algorithm. One has to note that the limit from
which inverter voltage error becomes constant depends on inverter characteristics and was 5 A for the specific
inverter used in this test.

Using a sensorless algorithm, motor parameters not only are used to perform the FOC, but also to estimate
rotor position. For this reason parameter correct estimation using self-commissioning algorithm becomes a
crucial point. Experimental tests demonstrated that the proposed sensorless algorithm is low sensitive to
resistance error and to flux linkage constant (since the algorithm estimates the inductance correct value),
therefore inductance value is the most critical parameter to be measured. The test bench with the coupled motor
was used, both with the 29 Nm motor and the 2 Nm motor. For each motor six different working conditions
were tested: motor starting up to 180 rad/s, motor starting up to 10 rad/s and speed reference variation between
180 rad/s and -180 rad/s, each of which both with constant rated torque and with no-load. For each condition,
the minimum and the maximum value of motor inductance for which the motor can work in that specific
condition (i.e. it can start and work without overcurrent protection intervention and without significant
additional vibration) was evaluated. Inductance ranges in which motors can work in the various conditions are
reported in Fig. 42 together with measured inductance and inductance value estimated with self-commissioning
algorithm.

One can note that the inductance error range in which the sensorless control can work is significantly wider
that the error of the self-commissioning technique, therefore the autotuning of the proposed sensorless control

is validated.
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Fig. 42 Algorithm sensitiveness to inductance error
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4 Industrial application with SPMSM

4.1 Experimental tests with PMC inverter on Petra Lab test benches

Since the results in section 3 were considered effective, the sensorless control was implemented on the inverter
produced by PMC. The inverter is shown in Fig. 43. It has a 230 V three-phase input (133 V line-to-ground
voltage) which leads to a 310 V DC-link. The 230V voltage is rectified by a diode bridge, thus the inverter is
not able to fulfill regenerative braking on the grid. The rated power is 750W, therefore the rated current is about
1.9 A. An Infineon XMC4400-512 microcontroller is exploited for the control and current measures are carried

out using shunt resistors. In order to avoid acoustic noise, the switching frequency is set to 20 kHz.

Fig. 43 PMC inverter

The RFO control algorithm was implemented in C code on the platform shown in Fig. 43.
The tests shown in section 3 were carried out using the same motor test benches but suppling the motor with
the PMC inverter.

Since the rated current is about 1.9 A only the following tests were carried out:

e Test1 of Section 3.2.1. The reference speed value was changed, in no-load conditions, from 0 to 20%
of nominal speed in three consecutive steps: first it was set to 15.6 rad/s, which corresponds to 3% of
the rated speed, then to 52 rad/s (10% of rated speed) and finally to 104 rad/s (20% of rated speed).
Then, a rated load torque step was applied at 104 rad/s.
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e Test 2 of Section 0. The motor was started from zero speed with constant rated torque applied, setting
the reference speed to 3% of rated speed.

e Test 3 of Section 0. A load step from 0 to 50% of the rated torque was applied when the motor was
running at 52 rad/s (10% of rated speed). Then, full torque was applied, and reduced to 50% again.
When possible, full load torque was applied and removed directly.

e Test 4 of Section 3.2.4. An error in the stator inductance parameter was introduced at 52 rad/s with
full load torque applied if possible. The inductance value was changed from 5.7 mH (its real value) to
3.0 mH, then to its real value again, and finally to 9.0 mH.

e Test5 of Section 3.2.5. An error in the flux linkage constant was introduced at 52 rad/s with full load
torque applied. First it was changed from 0.147 Wb (rated flux) to 0.1 Wh, then to 0.147 Wb again
and finally to 0.2 Wh.

e Test 6 of Section 3.2.6. A no-load starting was performed with the flux parameter set to 0.1 Wb (68%
of its real value), setting the reference speed to 3% of rated speed. If successful, a full-load starting
test was then carried out.

e Testin Fig. 35. Motor starting with no-load, with reference speed equal to 10 rad/s (2% of rated speed)
and 180 rad/s (25% of rated speed), considering also speed inversion

e Testin Fig. 36. Motor starting with constant torque, using the 2 Nm motor, with reference speed equal
to 10 rad/s (2% of rated speed) and 180 rad/s (25% of rated speed), considering also speed inversion

e Testin Fig. 39. Air compressor load, with reference speed equal to 2.4%, 10% and 95%. The pressure
of the compressor was reduced, in comparison to the results shown in section 3.3.3, in order to have

a resistive torque that matched the inverter maximum current.

Since the control platform of PMC did not have a resolver/encoder interface, it was not possible to record
experimental results as for the test carried out with Dspace MicroLabBox. Therefore the test were carried out
only qualitatively, i.e., it was verified that the motor worked properly and that the correct speed was reached
measuring stator current frequency.

All the tests listed above show positive results, confirming the correct implementation of the RFO sensorless
control in PMC inverter.

4.2 Experimental tests with PMC inverter on a six meter diameter industrial fan with PNET SMPSM

After the tests described in section 4.1 were carried out, the PMC inverter was used to supply a SPMSM
produced by PNET and coupled with a six meter diameter fan, as shown in Fig. 44. The motor parameters are
shown in Table 10.
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Fig. 44 Six meter diameter Fan supplied by Phase Motion Control inverter with RFO sensorless observer

Table 10 Motor parameter for six diameter fan

Parameter Value
Rated speed at 230 V 52 rpm
Pole pairs 35
Rated torque at 230 V 4.0 Nm
Load inertia (approximately) 35 kgm?
Mechanical time constant (approximately) 85s

4.2.1  Rotating current-loop for fan starting

As itis possible to note from Table 10, the fan application is characterized by a very low torque-to-inertia ratio.
Therefore, differently from application with a typical torque-to-inertia ratio (as the ones shown in section3),
during the starting phase, the motor work near zero speed for a long time. For this reason the RFO algorithm
is not able to start the motor, since it cannot estimate the angle properly at standstill.

To solve this problem, an hybrid control was developed. With the proposed hybrid control the motor starts with
a current control loop, with the current vector rotating in open loop and then a soft transition to FOC is carried
out.

The working principle during the fan starting is shown in Fig. 45, where motor reference speed (

reference ) !

Id
reference (1d,,, ) and angle reference ( Ang,,, ) are shown. The angle reference variable determines whether

the open loop angle is used or if the angle provided by the sensorless control is exploited. Namely, if angle

reference is equal to 0, the open loop angle (g, ) is used, which is calculated as in equation (4.1). On the
contrary, if angle reference is equal to 1, the estimator angle (6, ) is used. While the angle reference value is

between 0 and 1, a weighted average is carried out to calculate the rotor angle ( &, ) as shown in equation (4.2)
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00L = J.wreference dt (4'1)
gr = Angref eest + (17 Angref )QOP (42)
0 FOCIenabIe .
8 1L
€ 0.8
6 | =
= 0.6
T 4 =
3 0.4 <
2 02 o
0 0
0 2 4 6 8 10 12
Time [s]

Id reference

— o reference Angle Reference

Fig. 45 Speed [rpm], Id reference [A] and angle reference during fan starting.

While the motor is at standstill a 1d , ramp of 3s is injected to about 50% of rated current. Since the initial

rotor position is unknown, the fan motor will move and align with the injected current vector. In order to avoid
oscillation and noise, the current ramp should be sufficiently smooth and therefore 3s of ramp was imposed.
When 1A of g, is reached, o

reference

start to increase and therefore the current vector rotates according to

equation (4.1). During this phase, the FOC controllers are kept disactivated but the sensorless estimator is
activated. When

reference

reaches 5 rad/s, the FOC controllers are activated, Ang,,, increase at the unitary value

in 100 ms and the rotor angle is given by equation (4.2). The transition from open-loop to FOC takes only 100

ms, however |d_, decreases in 3s, in order to avoid oscillations and noise.

4.2.2  DC bus voltage control

Since the inverter used in this application has a diode bridge to rectify the AC input, DC-bus voltage may
increase significantly if a proper control is not developed. Indeed, during decelerations, the FOC control
imposes a negative Ig current (or a positive Ig current if the speed is negative) and the Kinetic energy is
converted into electrical energy which charges the DC-bus. If the DC-bus voltage is not properly controlled
the overvoltage protection intervenes. To avoid this, when the voltage raises above a certain threshold, the
braking current Ig should be limited. Please note that motor losses and inverter losses can be exploited to
perform an electric braking even if a regenerative braking on the grid is not possible in this application. The
aim of the DC-bus voltage control is to exploit the electric braking without causing overvoltage protection
intervention.

On the other hand, during voltage dips, it is useful to exploit the kinetic energy to charge the DC-bus. To do
that the fan can be temporarily braked during the voltage dip in order to keep the drive switched on.

To exploit both these functions the control shown in Fig. 46 was implemented. VVdc is the measured DC-bus
voltage, VVdc_high is the threshold above which the control intervene to reduce the electric braking, VVdc_low

is the threshold below which the control brakes the fan to charge the DC-bus, Ig_min and Igq_max are the speed
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PI limits (which are modified by the Vdc control), Ig*_min and Ig*_max are the default PI limits when the

Vdc control does not intervene, Kp_high and Kp_low are the gain of the Vdc proportional control.

e

Vde>Vdc_high

v

Vdc<Vdc_low

Measured speed

>

Vdc<Vdc_low

If lg_min>2.5 A, lg_min=2.5 A

Fig. 46 Vdc control scheme

4.2.3  Experimental tests
Since the fan application did not have any position sensors, just a qualitative analysis could be developed.
In order to verify that the fan reached the desired speed, the stator current frequency was measured. The

following test were carried out:

e  Startup from standstill to rated speed clockwise (52 rpm).

e  Startup from standstill to minimum operating speed clockwise (10 rpm).

o Deceleration from rated speed clockwise (52 rpm) to minimum operating speed clockwise (10 rpm).

e  Startup from standstill to rated speed counterclockwise (-52 rpm).

e Startup from standstill to minimum operating speed counterclockwise (-10 rpm).

e Deceleration from rated speed counterclockwise (-52 rpm) to minimum operating speed
counterclockwise (-10 rpm).

e Speed inversion from rated speed clockwise (52 rpm) to rated speed counterclockwise (-52 rpm)

e Speed inversion from rated speed counterclockwise (-52 rpm) to rated speed clockwise (52 rpm)

e  Speed inversion from rated speed clockwise (52 rpm) to minimum operating speed counterclockwise
(-10 rpm).
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e  Speed inversion from rated speed counterclockwise (-52 rpm) to minimum operating speed clockwise
(20 rpm).

e Speed inversion from minimum operating speed clockwise (10 rpm) to minimum operating speed
counterclockwise (-10).

e  Speed inversion from minimum operating speed counterclockwise (-10 rpm) to minimum operating
speed clockwise (10).

e  Supply loss for 2 second at rated speed clockwise (52 rpm)

e  Supply loss for 2 second at rated speed counterclockwise (-52 rpm)

e Supply loss for 2 second at minimum operating speed clockwise (10 rpm)

e Supply loss for 2 second at minimum operating speed counterclockwise (-10 rpm)

e  Supply loss for 5 second at rated speed clockwise (52 rpm)

e  Supply loss for 5 second at rated speed counterclockwise (-52 rpm)

e  Supply loss for 5 second at minimum operating speed clockwise (10 rpm)

e  Supply loss for 5 second at minimum operating speed counterclockwise (-10 rpm)

Each test was repeated 30 times, in order to verify the robustness of the algorithm.
The proposed control showed a good behaviour in all the tests and therefore the algorithm for the industrial
fan application was validated.
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5  Sensorless control for a high-power EESM

5.1  Sensorless observer and Simulink model for EESM

5.1.1  Sensorless observer for EESM

In the previous sections, the application of the RFO control to SPMSMs was presented. Differently from the
PMSM, the EESM can vary the rotor flux modifying the field voltage. For this reason, the FOC of PMSM
usually uses the rotor angle to perform the transformations of axes, in order to maximize the torque, whereas
the FOC for EESM usually uses the stator flux angle to perform the transformations of axes. Indeed, using the
stator flux angle the motor works at unitary power factor and the current is minimized. This aspect is
particularly interesting for high-power motors, where a reduction of motor current implies a reduction in the
drive sizing. Using the stator flux angle for the transformation, causes a flux-weakening, which would be a
drawback in PMSM, but that is negligible with EESM since the flux can be adjusted modifying the field current.
Since the stator flux angle is required in FOC control for EESM, the sensorless algorithm should be modified
in order to estimate the stator flux rather than the rotor flux.

The stator flux is given by equation (5.1), therefore a stator flux observer can be derived from the rotor flux
observer in equations (2.33) simplify neglecting the inductance voltage drop. As a consequence, the observer

shown in equations (5.2) can be exploited.

X5 =V,; —Ri,g, (5.1)
. _ . 2 2 _ T
qaﬁ _Vaﬂ_RIaﬂ+rl( gaﬂ _(pm)’ qaﬂ(o)_[ol 0]
&5 =T3000) (Y(Up) — R, (0,) £, ) £,5(0) =, [COS(6,);5IN(6,)]
V() ==, y(0) =0
p+a
ap (5.2)
T
Q,5(0) = mzqaﬂ' Q,,(0)=[0,0]
Xap = op + Sop
0= atanz(x—ﬂj
X!Z

5.1.2 Initial position estimation
As aforementioned, in high power applications, the high voltage injection leads to unsustainable torque ripple.
However, the sensorless approach shown in section 5.1.1 cannot work at standstill and therefore a different

approach should be designed to determine the initial rotor position (6, ), which is necessary to initialize

equations (5.2). Indeed, in high power applications, it is necessary to know the initial rotor angle in order to
avoid oscillations during the motor starting, whereas the effects of this oscillation is negligible in low power
applications, therefore the initial rotor angle is not determined in the case of PMSM shown in section 2.4.

When the rotor is excited, the increasing rotor flux induces a variation in stator currents, even if the motor is at

standstill. Since, differently from PMSMs, the rotor flux can be controlled independently, a step rotor voltage
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variation can be performed. In this way, as shown in [101], it is possible to estimate the rotor position exploiting

the stator current measures. A low-pass filter can be applied to the current measures in ¢ domain, obtaining

two current measures with a low noise (| I, e )- The initial rotor angle can be then estimated as in

a_LPF
equation (5.3). Please note that a positive voltage step variation is considered and, therefore, the opposite of

stator currents should be used in equation (5.3).

Oy = atan2(—i, (pei—i, o) (5.3)

The proposed algorithm is simple and it does not cause torque ripple, since the stator windings are not supplied
during the rotor voltage step variation. Since one of the main problem of this technique is the measure noise,
it is difficult to validate its effectiveness with simulation. For this reason, simulations are used to verify the
sensorless observer sensitiveness toward initial angle error, whereas the initial angle estimation technique is

validated with experimental results only.

5.1.3  Simulink model for EESM

The observer shown in equations (5.2) was tested on a Simulink model of a high-power EESM. The Simulink
model of the EESM was provided by Nidec ASI and is shown in Fig. 47. The motor model was validated by
Nidec ASI in several years of experience, comparing the behaviour obtained via simulations with the behaviour
in the industrial applications.

In this study, a 13.8 MW EESM was considered. The motor parameters are reported in Table 11.

Motor Model (NIDEC)

out.statorcurrent

Input stator voltage

Input sthtor voltage

imot
Input stator voltage
Output field current -m

Qutput mechanical torque,
—_—P synch_mot Tout
Input field voltage Y
» out.torquemeas
[TetaM]

Dutput mechanical angle

Mechanical Speed [Mmon]
Feedback flonitor Mmon 30 segnali -

Wm]

Synchronous
Motor

Fig. 47 EESM Simulink model provided by Nidec ASI
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Table 11 13.8 MW EESM parameters
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TRansportation and Automation Laboratory

Name Description Value UM
Excitation Type Defines the type of excitation for the wound field circuit | Slip Rings
Rated Power Motor rated power 13810 kw
Poles Number of motor poles 4
Rated Voltage Motor RMS rated voltage (\VVn) 6600 \%
Rated Current Motor RMS rated current (In) 1230.2 A
Rated Speed Motor rated speed 1800 rpm
Rated Field Voltage Motor DC field voltage at rated speed and no-load (\Vf0) | 33 \%
Rated Field Current Motor DC field current at rated speed and no-load (If0) | 213 A
Max Current Limit Motor RMS current limit and threshold for the Max 1845.3 A
Current alarm
Max Speed Motor absolute maximum operative speed (1 pu) 2400 rpm
R Series Any resistance connected in series with the motor 0.0001 Ohm
L Series Any inductance connected in series with the motor 0.00079 H
Rsd (Rad) Stator resistance on d axis (usually Rsd=Rsg=Ra) 0.0087 Ohm
Rsq (Raq) Stator resistance on q axis 0.0087 Ohm
Rrd (Rkd) Rotor (damping cage) resistance on d axis 0.055 Ohm
Rrg (Rkq) Rotor (damping cage) resistance on q axis 0.045 Ohm
Lad Saturated Magnetizing saturated stator inductance d axis 0.013475 H
Laq Saturated Magnetizing saturated stator inductance q axis 0.011831 H
Lad Linear Magnetizing linear stator inductance d axis 0.013475 H
Laq Linear Magnetizing linear stator inductance q axis 0.011748 H
Llsd Leakage stator inductance d axis 0.000633 H
Llsq Leakage stator inductance q axis 0.000633 H
Lird (Llkd) Rotor (damping cage) leakage inductance on d axis 0.000973 H
Lirg (LIKq) Rotor (damping cage) leakage inductance on q axis 0.001316 H
Rf Field winding resistance (referred to stator) 0.0046 Ohm
Lf Field winding leakage inductance 0 H
Sync Transform Stator-field transformation coefficient 4,57
Rated Frequency Motor rated frequency 60 Hz
Max Frequency Motor frequency at the maximum speed 66.67 Hz
Rated Torque Motor rated torque 73264.32 Nm
Base Impedance Base impedance (Zn=Vn/In) 3.097473 Ohm
Motor & Load Inertia Motor and load inertia 842 Kg
m”2
Inertia Time Constant Base inertial time constant ~2.166 S
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5.1.4  FOC for EESM
A FOC control was realized in MATLAB/Simulink environment. In particular, the following control loops

were developed:

e Id current loop — Inputs: reference Id (which is set to zero) and measured Id. When the controller is
reset, Vd=0. The PI controller parameters are P_Vd, |_Vd, max_Vd, min_Vd.
e Iqgcurrent loop — Inputs: reference Iq (output of speed controller) and measured 1qg. A feed-forward

is used in which Vq_FF = qu|q_,ef T Oy Praed , Where Vq_FF is the feed-forward voltage, |q_ref is

the reference g, @, is the measured electrical speed and ¢, ., is the rated stator flux. When the
controller is reset, Vg=0. The PI controller parameters are P_Vq, 1_Vq, max_Vqg, min_Va.

e Speed loop — Inputs: reference speed and measured speed. When the controller is reset, the output

(reference 1q) is equal to zero. The PI controller parameters are P_Iq, I_Iq, max_Ig, min_lIq.

A field voltage control was realized in MATLAB/Simulink environment. In particular, the following control

loops were developed:

e  Field current (If) loop — Inputs: reference If (output of stator flux loop) and measured If. A feed-

| R
— et where Vi g is the feed-forward field voltage, | e
0 i} -

forward is used in which V,

is the reference If and n is the stator-field transformation coefficient. When the controller is reset,
Vf :Vf_,ef , Where Vf_ref is a constant. The PI controller parameters are P_Vf, |_Vf, max_Vf,
min_VT.

o Stator flux loop — Inputs: reference flux (output of stator voltage loop) and estimated flux. . The PI

controller parameters are P_If, 1_If, max_If, min_lIf.

e Stator voltage loop — Inputs: rated stator voltage (peak line-to-ground value) and measure stator

voltage (V, =V, +V.? ). The Pl controller parameters are P_flux, I_flux, max_flux, min_flux.

The FOC control was implemented in discrete time in Simulink, therefore the estimator filters and the PLL low
pass filter were discretized. The estimator filter discretization is shown in equation (5.4) and « is defined in

equation (5.5), whereas the PLL low-pass filter discretization in shown in equation (5.6). T_ is the sampling

time, f is the cut-off frequency of the estimator high-pass filter and f is the cut-off frequency of

cutHPF cutPLL

the PLL low-pass filter.

p+a z-(1-aT,)
=271 uer (5:9)
2z fcutPLLTc (56)

2—(Q-27f o, Te)

The FOC control parameters and the estimator parameters usee to perform simulations are reported in Table
12.
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Table 12 EESM sensorless FOC parameters

Parameter description

Parameter acronym and value

Field current P1 proportional gain

P_Vf=20;

Field current PI integral gain I_Vf=500;
Field current P1 upper saturation max_Vf=500;
Field current PI lower saturation min_Vf=0;
Initial field voltage reference VT{_reset=80;
Flux PI proportional gain P_1f=200;
Flux Pl integral gain I_If=900;
Flux PI upper saturation max_1f=4000;
Flux PI lower saturation min_If=0;
Initial field current reference Ifinit=400;
D-axis current Pl proportional gain P_Vvd=1;
D-axis current PI integral gain I_Vvd=40;

D-axis current Pl upper saturation

max_Vd=vsn*sqrt(2/3)*1.2;

D-axis current PI lower saturation

min_Vd=-vsn*sqrt(2/3)*1.2;

Q-axis current PI proportional gain

P_Vog=1,;

Q-axis current Pl integral gain

|_\Vq=40;

Q-axis current Pl upper saturation

max_Vq=vsn*sqrt(2/3)*1.2;

Q-axis current PI lower saturation

min_Vq=-vsn*sqrt(2/3)*1.2;

Voltage PI proportional gain P_flux=0.0002;
Voltage Pl integral gain I_flux=0.01;

Voltage PI upper saturation max_flux=0;

Voltage PI lower saturation min_flux=-20;
Omega PI proportional gain P_1g=200;

Omega PI integral gain I_I1g=1000;

Omega PI upper and lower limit Imax=isn*sqrt(2)*1.5;
Inductance L=0;

Gammal gain gammal=1.5e-4;
Gamma2 gain gamma2=1.5e-5;

Gammaz2 reduction in flux weaking

ridgamma2=0.1;

Id control (1-> Id control, 0-> Idref=0)

Idref=0;

Sample time sampletime=820e-6;
Estimator filter gain (o) alpha=94.25;

Kp PLL Kp_PLL=800;

Ki PLL Ki_PLL=10000;
PLL low pass filter cut-off frequency [Hz] Fcut_PLL=16;
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5.2 Simulation results for sensorless control of high power EESM
The Simulink model for the 13.8 MW EESM presented in section 5.1.2, together with the sensorless FOC

presented in 0 was used to perform several tests. Eleven different tests were defined, together with Nidec ASI

engineers, which correspond to the most frequent and critical conditions for the considered application:

e Test 1 — Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u. load
step, after 2s back to no-load and then -0.8 p.u. load step. No parameter uncertainties.

e Test 2 — Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u. load
step, after 2s back to no-load and then -0.8 p.u. load step. Parameter uncertainty Rs=150%.

e Test 3 — Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u. load
step, after 2s back to no-load and then -0.8 p.u. load step. Parameter uncertainty Rs=50%.

e Test 4 — Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u. load
step, after 2s back to no-load and then -0.8 p.u. load step. Parameter uncertainty initial stator
flux=50%.

e Test 5 — Motor starting with no-load to 0.1 p.u. in 1s ramp, after 2s 0.8 p.u. load step, after 2s
acceleration until maximum speed (1.33 p.u.) with a 12.33s ramp, after 2s load step to O p.u. No
parameter uncertainties.

e Test 6 — Motor starting with no-load to 0.1 p.u. in 1s ramp, after 2s 0.8 p.u. load step, after 2s
acceleration until maximum speed (1.33 p.u.) with a 12.33s ramp, after 2s load step to 0 p.u. Parameter
uncertainty Rs=50%.

e Test 7 — Motor starting with no-load to 0.1 p.u. in 1s ramp, after 2s 0.8 p.u. load step, after 2s
acceleration until maximum speed (1.33 p.u.) with a 12.33s ramp, after 2s load step to O p.u. Parameter
uncertainty Rs=50% and initial rotor angle with 90° electrical angle.

e Test 8 — Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to
minus 0.1 p.u. with a 2s ramp, after 4s back to standstill. No parameter uncertainties.

e Test 9 — Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to
minus 0.1 p.u. with a 2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50%.

e Test 10 — Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to
minus 0.1 p.u. with a 2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50% and initial
rotor angle with 90° electrical angle.

e Test 11 — Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to
minus 0.1 p.u. with a 2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50% and initial
rotor angle with 30° electrical angle.

e Test 12 — Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to
minus 0.1 p.u. with a 2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50% and initial
rotor angle with -90° electrical angle.

e Test 13 — Motor starting with 0.8 p.u. load to 0.03 p.u. speed with a 0.3s ramp, after 4s deceleration

to minus 0.03 p.u. with a 0.6s ramp, after 4s back to standstill. Parameter uncertainty Rs=50%.
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In the following simulation results are shown for each test. Please note that in the torque plot, the Reference
torque is intended as the Iq reference value. Therefore, it coincides with the reference torque in normal

operation, whereas it is higher than the reference torque in the flux-weakening region.
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521 Testl
Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u. load step, after 2s back to

no-load and then -0.8 p.u. load step. No parameter uncertainties.

Reference speed Measured speed Estimated speed
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Fig. 48 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 1.
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Fig. 49 Load, measured torque and reference torque. Sensorless FOC for EESM, test 1.
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Fig. 50 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 1.
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Fig. 51 Stator current, measured Ig, measured Id and measured If. Sensorless FOC for EESM, test 1.
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Fig. 52 Stator flux angle error. Sensorless FOC for EESM, test 1.
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5.2.2 Test 2

Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u. load step, after 2s back to
no-load and then -0.8 p.u. load step. Parameter uncertainty Rs=150%.
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Fig. 53 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 2.
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Fig. 54 Load, measured torque and reference torque. Sensorless FOC for EESM, test 2.
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Fig. 55 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 2.
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Fig. 56 Stator current, measured Ig, measured Id and measured If. Sensorless FOC for EESM, test 2.
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Fig. 57 Stator flux angle error. Sensorless FOC for EESM, test 2.
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Test 3
Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u.

no-load and then -0.8 p.u. load step. Parameter uncertainty Rs=50%.
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Fig. 58 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 3.
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Fig. 59 Load, measured torque and reference torque. Sensorless FOC for EESM, test 3.
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Fig. 60 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 3.
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Fig. 61 Stator current, measured lg, measured Id and measured If. Sensorless FOC for EESM, test 3.
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Fig. 62 Stator flux angle error. Sensorless FOC for EESM, test 3.
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524  Test4
Motor starting with no-load to base speed (1 p.u.) with a 10s ramp, after 2s 0.8 p.u. load step, after 2s back to
no-load and then -0.8 p.u. load step. Parameter uncertainty initial stator flux=50%.
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Fig. 63 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 4.
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Fig. 64 Load, measured torque and reference torque. Sensorless FOC for EESM, test 4.
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Fig. 65 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 4.
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Fig. 66 Stator current, measured Ig, measured Id and measured If. Sensorless FOC for EESM, test 4.
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Fig. 67 Stator flux angle error. Sensorless FOC for EESM, test
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Motor starting with no-load to 0.1 p.u. in 1s ramp, after 2s 0.8 p.u. load step, after 2s acceleration until

maximum speed (1.33 p.u.) with a 12.33s ramp, after 2s load step to 0 p.u. No parameter uncertainties.
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Fig. 68 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 5.
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Fig. 69 Load, measured torque and reference torque. Sensorless FOC for EESM, test 5.
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Fig. 70 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 5.
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Fig. 71 Stator current, measured lg, measured Id and measured If. Sensorless FOC for EESM, test 5.
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Fig. 72 Stator flux angle error. Sensorless FOC for EESM, test 5.
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526  Test6
Motor starting with no-load to 0.1 p.u. in 1s ramp, after 2s 0.8 p.u. load step, after 2s acceleration until

maximum speed (1.33 p.u.) with a 12.33s ramp, after 2s load step to 0 p.u. Parameter uncertainty Rs=50%.
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Fig. 73 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 6.
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Fig. 74 Load, measured torque and reference torque. Sensorless FOC for EESM, test 6.
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Fig. 75 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 6.
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Fig. 76 Stator current, measured lg, measured Id and measured If. Sensorless FOC for EESM, test 6.
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Fig. 77 Stator flux angle error. Sensorless FOC for EESM, test 6.
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527  Test7
Motor starting with no-load to 0.1 p.u. in 1s ramp, after 2s 0.8 p.u. load step, after 2s acceleration until
maximum speed (1.33 p.u.) with a 12.33s ramp, after 2s load step to 0 p.u. Parameter uncertainty Rs=50% and

initial rotor angle with 90° electrical angle.
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Fig. 78 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 7.
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Fig. 79 Load, measured torque and reference torque. Sensorless FOC for EESM, test 7.
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Fig. 80 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 7.
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Fig. 81 Stator current, measured Ig, measured Id and measured If. Sensorless FOC for EESM, test 7.
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Fig. 82 Stator flux angle error. Sensorless FOC for EESM, test 7.

Massimiliano Passalacqua

Pag. 79



University of Genova

DITEN - Electrical, Electronics and Telecommunication j—’l 5 PETRA La‘b B Power Electronics,
= i TRansportation and Automation Laboratory

Engineering and Naval Architecture Department

528 Test8
Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to minus 0.1 p.u. with a

2s ramp, after 4s back to standstill. No parameter uncertainties.
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Fig. 83 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 8.
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Fig. 84 Load, measured torque and reference torque. Sensorless FOC for EESM, test 8.
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Fig. 85 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 8.
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Fig. 86 Stator current, measured lg, measured Id and measured If. Sensorless FOC for EESM, test 8.
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Fig. 87 Stator flux angle error. Sensorless FOC for EESM, test 8.

&

o
N

Massimiliano Passalacqua

Power

Pag. 81

Electronics,

TRansportation and Automation Laboratory



University of Genova

DITEN - Electrical, Electronics and Telecommunication E 'r—”—’l 5 PETRA La‘b B Power Electronics,
= i TRansportation and Automation Laboratory

Engineering and Naval Architecture Department

529 Test9
Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to minus 0.1 p.u. with a
2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50%.
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Fig. 88 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 9.
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Fig. 89 Load, measured torque and reference torque. Sensorless FOC for EESM, test 9.
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Fig. 90 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 9.
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Fig. 91 Stator current, measured lg, measured Id and measured If. Sensorless FOC for EESM, test 9.
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Fig. 92 Stator flux angle error. Sensorless FOC for EESM, test 9.
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5.2.10 Test10
Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to minus 0.1 p.u. with a
2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50% and initial rotor angle with 90° electrical

angle.
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Fig. 93 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 10.
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Fig. 94 Load, measured torque and reference torque. Sensorless FOC for EESM, test 10.
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Fig. 95 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 10.

Massimiliano Passalacqua Pag. 84



University of Genova

DITEN - Electrical, Electronics and Telecommunication
Engineering and Naval Architecture Department

f EEI%HLEM

PETRA Lab Power Electronics,
TRansportation and Automation Laboratory

Stator current Measured Iq Measured Id Ifmeas
16 T T T T T
14 - -
12— -
10 — -
S sl \ -
& |
g or J 1
E |
3 4 | _
2 \/ hl_/\ _
0 [ 3
2+ —
4 L 1 | 1 1 L 1
0 2 4 6 8 10 12 14
Time [s]
Fig. 96 Stator current, measured lg, measured Id and measured If. Sensorless FOC for EESM, test 10.
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Fig. 97 Stator flux angle error. Sensorless FOC for EESM, test 10.
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Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to minus 0.1 p.u. with a

2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50% and initial rotor angle with 30° electrical

angle.
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Fig. 98 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 11.
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Fig. 99 Load, measured torque and reference torque. Sensorless FOC for EESM, test 11.
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Fig. 100 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 11.
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g. 101 Stator current, measured 1q, measured Id and measured If. Sensorless FOC for EESM, test 11.
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Fig. 102 Stator flux angle error. Sensorless FOC for EESM, test 11.
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5.2.12 Test12
Motor starting with 0.8 p.u. load to 0.1 p.u. speed with 1s ramp, after 4s deceleration to minus 0.1 p.u. with a

2s ramp, after 4s back to standstill. Parameter uncertainty Rs=50% and initial rotor angle with -90° electrical

angle.
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Fig. 103 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 12.
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Fig. 104 Load, measured torque and reference torque. Sensorless FOC for EESM, test 12.
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Fig. 105 Reference flux, measured flux, estimated flux and stator voltage. Sensorless FOC for EESM, test 12.
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Fig. 106 Stator current, measured Iq, measured Id and measured If. Sensorless FOC for EESM, test 12.
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Fig. 107 Stator flux angle error. Sensorless FOC for EESM, test 12.
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5.2.13 Test13
Motor starting with 0.8 p.u. load to 0.03 p.u. speed with a 0.3s ramp, after 4s deceleration to minus 0.03 p.u.

with a 0.6s ramp, after 4s back to standstill. Parameter uncertainty Rs=50%.
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Fig. 108 Reference speed, measured speed and estimated speed. Sensorless FOC for EESM, test 13.
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Fig. 109 Load, measured torque and reference torque. Sensorless FOC for EESM, test 13.
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Fig. 112 Stator flux angle error. Sensorless FOC for EESM, test 13.
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5.2.14 Comments on EESM simulation results

The tests shown a good algorithm behaviour in the different operating conditions. The most critical aspect
concerns the knowledge of the initial rotor angle. In the test 7, with a no-load starting with an rotor angle
electrical error of 90°, one can note considerable torque oscillations and, therefore, speed oscillations. These
oscillations are even higher in the motor starting with 0.8 p.u. load in test 10, where the measured torque
reaches the unsustainable value of 7 p.u.

In test 11, with a rotor angle electrical error of 30°, the torque oscillations are significantly lower and the
measured torque reaches the maximum value of 1.5 p.u.

In test 12, one can note that with a rotor angle electrical error of -90° the motor starts with significantly lower
oscillations in comparison to the positive angle.

The oscillations are negligible with a precise measure of initial rotor angle.

In test 13 one can note significantly oscillations, since the reference speed is very low (3% of the rated value).
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6  Test bench and experimental results on EESM

6.1  Test bench

An experimental test bench was developed in the Petra Lab of the University of Genoa, in order to carry out
some preliminary tests on EESMs. The complete test bench is shown in Fig. 113, whereas a zoom on the
motor is reported in Fig. 114.

A wound rotor induction motor (which parameters are reported in Table 13) was modified in order to be used
with the same behaviour of an EESM (from this point the induction motor will be referred as EESM). For the
purpose, two rotor winding (phase b and phase c) were short-circuited. The rotor was supplied with a DC
voltage, with the positive pole connected to phase a and the negative pole connected to phase b and c.

An optical incremental encoder with zero pulse is used to measure the real rotor position angle.

Fig. 113 EESM complete test bench

Fig. 114 Induction motor used as EESM
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Table 13 Induction motor (used as EESM) parameters

Parameter Value Parameter Value
Voltage | 380V /50 Hz | Rated speed | 1450 rpm
Current 15.7A Pole pairs 2

The motor is controlled with the same inverter shown in section 3.1 for the PMSM and using the same control
platform. A DC-DC converter is used to supply the rotor winding. Also the DC-DC converter is controlled by
Dspace. Other two motors are coupled to the EESM in order to simulate an inertial load.

With this configuration, the induction motor behaviour is analogous to the behaviour of an EESM. However,
the rotor windings are developed with different criteria, since the motor is designed for operating in different
conditions. Indeed, EESM rotors are usually supplied with relatively high voltage and low current; for this size
of motor, about 1-3 A and 100-200 V. The rotor of the machine used in the proposed test bench, on the contrary,
was supplied by a voltage of about 5 V and a current of about 30 A. Of course, this is because the rotor windings
are not optimized for the proposed application.

The flux obtained with 30 A (which is about the rotor rated current) leads to a rated stator current of about 4
A. Above this value the load angle approaches significantly 90°, leading to instability.

For this reason, only no-load tests (using just the inertia load) were carried out. The tests have to be considered
as a preliminary validation of the proposed algorithm and the development of a more proper test bench will be
the topic of future works and for experimental evaluations on a high power test bench (500 kW) in Nidec ASI
testing room.

The parameters of the proposed test bench can be therefore summarized as in Table 14.

Table 14 EESM test bench parameters

Parameter Value
Stator voltage 380V /50 Hz
Stator current (I PI limit) | 6 A (peak value)
Rated speed 150 rad/s
Rotor voltage 5V
Rotor current 30A
Inertia constant (motor+load) 5s
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6.2 Experimental results for EESM

Since the test bench is characterized by a high inertia and the inverter presented in section 3.1 cannot perform
regenerative braking on the grid (indeed, it has a diode rectifier as input stage), the deceleration ramp should
be sufficiently smooth. In all the tests the accelerating ramp was limited to 50 rad/s?, whereas the decelerating
ramp was limited to 15 rad/s2. The following test were performed:

e Test 1 — machine excitation (rotor voltage step variation), machine starting to 10 rad/s (6.7% of the
rated speed) and deceleration to standstill.

e Test 2 — machine excitation (rotor voltage step variation), machine starting to 50 rad/s (33% of the
rated speed) and deceleration to standstill.

e  Test 3 — machine excitation (rotor voltage step variation), machine starting to 150 rad/s (100% of the
rated speed) and deceleration to standstill.

e Test 4 — initial rotor angle identification with different rotor angle.

The results of the different tests are reported in the followings.
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6.2.1  Testl
Machine excitation (rotor voltage step variation), machine starting to 10 rad/s (6.7% of the rated speed) and

deceleration to standstill.
The motor is fluxed at about 2s and the initial rotor angle estimation algorithm is carried out. For this reason

one can note the step variation in the estimated angle (Fig. 117) and in the stator flux (Fig. 118). The motor
starts at about 4s.
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Fig. 117 Measured angle and estimated angle, test 1
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6.2.2 Test2

Machine excitation (rotor voltage step variation), machine starting to 50 rad/s (33% of the rated speed) and
deceleration to standstill.

The motor is fluxed at about 2s and the initial rotor angle estimation algorithm is carried out. For this reason
one can note the step variation in the estimated angle (Fig. 121) and in the stator flux (Fig. 122). The motor
starts at about 4s.
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Fig. 119 Reference speed and measured speed, test 2
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Fig. 120 Stator current alfa and stator current beta, test 2
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Fig. 121 Measured angle and estimated angle, test 2
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6.2.3  Test3
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Machine excitation (rotor voltage step variation), machine starting to 150 rad/s (150% of the rated speed).
The motor is fluxed at about 2s and the initial rotor angle estimation algorithm is carried out. For this reason
one can note the step variation in the estimated angle (Fig. 125) and in the stator flux (Fig. 126). The motor

starts at about 4s.
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6.24  Test4

The purpose of this test is to evaluate the effectiveness of the initial rotor angle identification. For this reason
the motor was fluxed several times, moving the rotor at each time and measuring the rotor angle error during
each identification phase. The results of this test are reported in Table 15, whereas the angle plot is shown in

Fig. 127. Please note that before the test starts the motor was moved in order to reset the encoder zero position.

Table 15 Test 4 results

Excitation starting time | Rotor angle | Estimation error
2.1s 53° 11°

8.8s -121° -19°

14.5s -11° 7.4°

21.4s -120° -6.8°

27s 134° -13°

32.5s 29° -0.6°

37.7 -96° -6.3°
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Fig. 127 Measured and estimated angle, test 4
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6.2.5  Comments on EESM experimental results

Although with the proposed EESM test bench it was possible only to perform preliminary tests, the results
reported in this section show the effectiveness of the proposed algorithm.

As a matter of facts, the motor was able to start and accelerate with the maximum stator current (6 A peak-
value, i.e., 4.2 A rms-value). Since the initial rotor position was estimated precisely by the algorithm, the motor
started without oscillations.

The initial rotor angle error was always below 19°, as it can be noticed from Test 4.
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7  Conclusions and future developments

In this thesis, an in-depth study on sensorless passive algorithms for SPMSM and EESM was carried out.
Even if SPMSM and EESM are significantly different from a constructive point of view, they have in common
the facts that sensorless active methods can hardly be exploited. Therefore, it is of fundamental importance to
define robust sensorless passive algorithms that could work in all the speed range and with different torque
profiles.

At first, four different sensorless passive algorithms, selected between the most promising ones available in
the technical literature, were taken into account. These algorithms include a Enhanced Linear Active
Disturbance Rejection Controller” (ELADRC), a Sliding Mode Observer with the adoption of a “Frequency-
Adaptive Complex-Coefficient Filter” (SMO-FACCEF), a Rotor Flux Observer based on the descend gradient
method (RFO) and its extension to motors with rotor anisotropy (Extended-RFO).

The four algorithms were tested on the same test bench with different torque profiles and with different
parameter uncertainties. Above the four selected algorithms, the RFO was the most performing one.

For the RFO, additional tests were carried out. In particular, the proposed sensorless algorithm was able to
work from about 2% of the rated speed to the rated speed, starting the motor with different type of load (no-
load, linear torque, quadratic torque and constant torque). Moreover, an air compressor was coupled to the
motor, which is a significantly demanding load; indeed, it is characterized by rated torque at standstill and, in
addition, the torque is highly intermittent. In all the working conditions the algorithm showed a great behaviour.
In addition to that, an analytical stability analysis was carried out, in order to determine a priori the optimal
observer gain values.

Furtherly, a novel technique, which modified the d-axis reference current during decelerations, improved the
motor behaviour during fast transitions from high speed to low speed and during speed inversions.

Finally, a self-commissioning technique was proposed. The robustness of the sensorless algorithm towards
motor parameter variations was investigated experimentally. The maximum allowed parameter variations were
compared with the self-commissioning technique estimation error, in order to validate the algorithm.

After the positive tests on SPMSM, the sensorless algorithm was extended to EESM. In EESM, differently
from PMSM, the angle between the a-axis and the stator flux is usually used to implement the FOC. In order
to obtain the estimation of the stator flux, the voltage drop on the stator winding inductance was neglected.
Moreover, a technique to estimate rotor initial position at standstill, without injecting high frequency current,
was shown.

The obtained observer was used to perform various simulations on a 13.8 MW EESM. The motor model,
provided by Nidec ASI, was validated in several years of experience in high-power applications.

The observer showed very interesting results via simulations and it was therefore decided to perform
experimental tests on a small scale prototype in the Petra Lab of the University of Genova.

The preliminary tests showed a good behaviour of the proposed algorithm, including the definition of the initial
rotor position. With the EESM test bench only no-load tests were carried out.

In the future, a more specific test bench for EESM will be developed and, in addition, higher power tests will
be performed in Nidec ASI laboratories . The aim of future works will be to test the EESM sensorless control

with different torque profile and in all speed working range, analogously to the tests carried out for the SPMSM.
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