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Abstract

The self-commissioning of synchronous reluctance motor (SynRM) drives was
studied in this work. The main objective was the analysis of standstill identification
strategies of the magnetic model of SynRMs. Two experimental techniques based on
current injection were adopted and tested for the calculation of the apparent and in-
cremental inductances, considering saturation and cross-saturation effects. Sinusoidal
and square wave current injection techniques were applied to two 3 kW SynRMs from
different manufacturers, in laboratory conditions, based on a predictive current con-
trol strategy. The motors were fed by an inverter with a sequence of sinusoidal and
square wave current pulses that are first applied on the rotor d- and g-axes separately,
at different dc currents on the ¢- and d-axes, respectively. The procedure exploits a
quasi-standstill condition obtained by imposing fast torque oscillations. The stator
flux linkage was estimated by integrating the motor induced voltages. Using the cur-
rent and flux samples, a polynomial representation of the flux as a function of the
current was defined, which allows to calculate apparent and incremental inductances
by operating the polynomial functions.

The accuracy of the obtained inductance values was evaluated experimentally in
a test rig, running the SynRM drives in torque control mode by a predictive current
control (PCC) strategy. The performances of the drives using the parameters from
the two self-commissioning strategies was compared based on the current prediction
error and the THD of the motor supply currents. Results were not considerably dif-
ferent using either the inductance profile obtained from sinusoidal current injection
or square wave current injection tests, but the test and post-processing were more
challenging using square waveforms. Sinusoidal current injection test was then chosen
as the technique to be applied to a 11 kW ABB SynRM due to its simpler procedure
and accurate results. The 11 kW motor was tested under no-load condition and con-
sidering restrictions given its higher rated power and current. The adopted strategy
is simple and can be performed at stand-still by injecting a proper current stimulus.
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Moreover, it does not require any additional hardware and the motor can be coupled
or not to the mechanical load. Finally, the thesis concludes with future prospects for
further investigation.
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Chapter 1

INTRODUCTION

1.1 Definition and relevance of self-commissioning

Self-commissioning of an electric drive is defined as the ability of the control
strategy to identify the machine connected to it without any user intervention or
additional equipment [1]. Machine identification refers to the accurate calculation of
the parameters by the control itself prior to the normal drive operation. It is useful
in situations where the machine and the drive are made by different manufacturers.
It is also applicable when one of the elements, machine or power converter, presents a
failure and needs to be replaced. In these cases, the time and resources spent before
the drive starts or returns to normal operation will depend on the ability of the
control strategy to recognise the connected motor. This ability to track regularly the
parameters of the machine makes self-commissioning also applicable in fault detection.
If some of these parameters change significantly, an early fault condition can be
detected. Moreover, any closed-loop control strategy and its performance will rely
on the accurate knowledge of these parameters. For instance, a torque control loop,
especially used for traction applications such as electric and hybrid electric vehicles,
depends on the torque estimation since torque sensors are not commonly used in drive
systems [2]. Thus, the process of calculating the parameters is a critical issue in any
electric drive system.

In the case when electrical parameters for a certain machine are previously known



from the manufacturer or obtained by traditional commissioning tests, it is well-
known that they change according to the ambient and working conditions such as
the power source, the harmonic content, load conditions, temperature, age and so on.
Therefore, these parameters need to be known through techniques sensitive enough
to determine variations even in motors with the same nameplate data, and they must
be determined in the specific operative conditions, that is, using on-site identification
methods.

On-site identification tests present practical restrictions such as the spent amount
of time and resources, along with the need of additional equipment or measurement
devices and the impossibility to uncouple the machine from the load [3]. Therefore,
the drive would have to perform this test without user intervention or additional
equipment, in an automatic way; that is, the drive has to apply a self-commissioning
test, while guaranteeing a fast, reliable and efficient parameters tracking.

Fig. 1.1 shows a classification proposed in [4] for different parameter identification
techniques. It is worth to notice that on-line estimation is also applicable for prac-
tical on-site parameter estimation, and it is used during continuous operation, but
it requires higher computational load. This thesis project is only concerned about
offline self-commissioning applied at standstill and with no power flow between the
machine and the load. The off-line methods are classified according to the software
and hardware required. The self-commissioning relies only in the own power converter

to complete the task. Its main advantages, as stated, are the fast and accurate adjust-
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Figure 1.1. Classification of parameter identification techniques of PMSMs [4]



ment of the drive parameters used by the control system, with no special knowledge

about machine construction nor additional hardware [5].

1.2 Synchronous reluctance motors

Despite induction motors (IMs) have been the most popular choice for commer-
cial and industrial applications, new technologies and applications, such as hybrid and
electric vehicles, are directing more attention in the use of interior permanent magnet
synchronous motors (IPMSMs). These machines offer superior properties, particu-
larly higher efficiency, constant power operation and wide speed range. However, they
contain NdFeB permanent magnets with rare-earth materials such as neodymium and
dysprosium. China holds monopoly, producing 90 % of the rare-earth permanent mag-
nets, and it has approximately 50 % of the earth’s known Nd reserves [6]. Therefore,
there is a possibility of limited supply or very high cost of these magnets that could
make IPMSMs unavailable or too expensive [7]. In addition, permanent magnets can
suffer demagnetisation at high temperatures, and they are fragile under high stress
due to centrifugal forces, making IPMSMs less robust for high speed or overloading
operation.

Over the past few years, the search for an intermediate option between the high
efficiency and high power density of IPMSMs and the low cost and high robustness of
IMs have attracted growing attention towards synchronous reluctance motors (Syn-
RMs). In contrast to IPMSMs, SynRMs do not use permanent magnets, and therefore
the material costs are lower while the dependence of rare-earth magnets is eliminated.
Moreover, the enhanced rotor robustness avoids concerns about demagnetisation at
high temperatures and withstands higher centrifugal forces [8]. In comparison with
IMs, SynRMs rely on the elimination of copper losses which results in higher rated
torque for a given size. They also permit a higher overload capability, power density
and operation with high efficiencies. However, to achieve these performance charac-
teristics a high saliency ratio must be obtained from the rotor construction, increasing

the complexity in the manufacture process [9-15].
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Another important issue of SynRMs is the increased control complexity due to
their highly non-linear flux linkage to current relationship, caused by magnetic satu-
ration. To represent this non-linear magnetic behaviour, the model must include not
only the saturation of the direct (d) and quadrature (¢) inductances with the self
axis current, but also the sensitivity to the cross-axis current called cross-saturation
[8]. An accurate representation of these phenomena can enhance the controller perfor-
mance, allowing the SynRM to work with optimum torque density, efficiency, dynamic
response and flux weakening capability. Therefore, it is important that end users have
the possibility to identify this model, to include the inductances behaviour within the
control system when the motor is sold as a separate entity from the drive. Moreover,
to maintain the use of SynRMs attractive, this identification process should not rep-
resent an additional investment in equipment or human resources, and it should be
easy to implement with enough accuracy. These requirements match with the concept
of self-commissioning, which can be adapted to identify the magnetic parameters in

SynRMs.

1.3 Thesis outline

The thesis work presents the self-commissioning of SynRM drives controlled using
a predictive control strategy. Signal injection methods are adopted based on sinusoidal
current injection and square wave current injection tests. These current injection
techniques are applied to identify the flux linkage to current relationship by taking
advantage of the current minimisation approach in predictive current control.

Cross-magnetisation characteristic is also considered during the test by the injec-
tion of cross-axis dc currents, allowing to obtain different flux curves per each applied
dc current value. Estimated flux curves are represented by polynomials in order to
determine easily the inductance profiles. The methods are applied to two different syn-
chronous reluctance motors, and the apparent, self-incremental and cross-incremental
inductances for each motor are identified. The accuracy of the inductance profile ob-

tained with each technique is evaluated experimentally in laboratory conditions with
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a test rig. Each motor is run in torque control mode by a predictive current control
strategy set with the obtained parameters. This evaluation is done based on the the
effects of accuracy in the parameters on the prediction error of the d and g-axis cur-
rents as well as the total harmonic distortion during the drive operation. The results
within the two current injection techniques are compared in terms of the accuracy
and complexity of the test. One technique is chosen and applied to a 11 kW SynRM

to be used for traction applications.
The organisation of the thesis per chapter follows the next guideline:

Chapter 2 introduces the concepts and brief history of SynRMs. Mathematical
model of SynRM is then described along with the equivalent circuit representation
and the non-linear magnetic characteristics. Here, the concepts of apparent, self-
incremental and cross-incremental inductances are defined. In addition, a brief de-
scription of control techniques applied to SynRMs is done, and the main concepts
of predictive control are defined, highlighting the predictive current control (PCC)
strategy used in the thesis.

Chapter 3 presents the state-of-the-art of self-commissioning applied to SynRMs.
Two methods allowing an accurate inductance identification at standstill are adopted.
The application of the chosen techniques based on a PCC strategy is described along
with the details of the flux estimation method. Post-processing methodology regard-
ing the polynomial representation of flux curves and calculation of inductances is also
explained.

Chapter 4 describes the implementation of the adopted self-commissioning tech-
niques in laboratory conditions. Sinusoidal and square wave current injection tests of
two 3 kW SynRMs are described along with the post-processing for flux estimation
and inductances calculation. The experimental accuracy evaluation of the obtained
parameters on the test rig is explained detailing the setup for operating the motor
in torque control mode. This test is aided by an auxiliary drive operating in speed
control mode. Finally, sinusoidal current injection technique is chosen to be applied
to a 11 kW SynRM. Given the higher rated values in the motor nameplate, hard-

ware limitations and restrictions are considered for the test. Results and preliminary



accuracy evaluation are explained.
Chapter 5 presents the conclusions of the thesis and summarises main recommen-
dations for self-commissioning of SynRM drives. It also makes suggestions for future

work.



Chapter 2

THEORETICAL BACKGROUND
AND CONTROL OF SynRMs

The concept of a SynRM was initially presented by J. K. Kostko in 1923. It was
known as a reaction synchronous machine with a reluctance torque and sinusoidal
magnetomotive force (MMF) produced by means of the same stator of induction
motors [16]. Originally, even though SynRMs had the potential to overhaul IMs,
they were not considered for practical applications because a cage winding for the
start-up was needed under grid connection. This cage caused a reduction on the
saliency ratio, power factor and efficiency of the machine, thus, reverting its main
benefits over other kind of AC machines [17].

Later, developments in semiconductors and solid-state inverter technologies re-
vealed the possibility to overcome the above-mentioned drawbacks, making SynRM
an interesting target for research. Different works led to improvements in design and
control techniques such as closed-loop control of SynRM, in such a way that it was
operated with relatively high power and torque density values [9-11,18-20]. This
brought new possibilities in the application of SynRMs for actual technologies, mak-
ing them more attractive in terms of cost and power density. Nowadays, SynRM
drives can be considered a strong option for applications such as HEVs and EVs due
to their power density advantage over IMs, and due to their rotor structure without

rare-earth magnets [2,21,22].



To take advantage of the improved features of SynRMs, a good control strategy is
necessary. This implies an accurate knowledge of its parameters under different oper-
ating conditions. Therefore, a mathematical model of the SynRM must be accurately

defined considering different non-linearities present during its operation.

2.1 Operation principle and dynamic model of

SynRMs

SynRMs follow an operational principle similar than the one in conventional salient
pole synchronous motors, considering a sinusoidal rotating magnetic field produced
in the stator windings, which links the rotor through the airgap. The difference is in
the rotor construction, which does not have windings but steel segments with small
flux barriers, as it is shown in Fig. 2.1. It is designed to have rotor paths for the flux
with different reluctances, one avoiding all flux barriers, with high permeability and
low reluctance, the direct (d) axis (Fig. 2.1(a)). The axis in quadrature (¢-axis) has
low permeability and higher reluctance (Fig. 2.1(b)) due to the flux barriers. Both
define the dg reference frame, as shown in Fig. 2.1(c) [8,23].

b .

(a) - ‘.‘
gR o

VO G

Figure 2.1. Schematic representation of a synchronous reluctance motor: (a) d-axis
flux lines; (b) g-axis flux lines and (c) dg reference frame [8]

The objective with this construction is to increase the reluctance torque by in-
creasing the difference between the two magnetising inductances, (Lg — L,) of the
dg-axis in a rotor reference frame; this difference depends on the rotor construction,

which is defined by a factor called the saliency ratio, represented by (2.1) [14].
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§=Lq/L, (2.1)

SynRMs are attempted to have high saliency ratios to improve the torque gener-
ation capacity along with the torque density and efficiency, thus, different shapes of
the rotor laminations are considered for the construction of its anisotropic structure.
A traditional rotor structure is illustrated in Fig. 2.2(a) while Fig. 2.2(b) shows
one rotor geometry to increase the magnetic saliency above the levels achievable with
conventionally-laminated machines. This consists on laminate it in the axial direc-
tion using ferromagnetic strips that are separated by thin layers of insulating material
[8]. Tts major advantage is the possibility to increase significantly the amount of flux
barriers per pole and the magnetic saliency, achieving ratios higher than 10 [14]. Un-
fortunately, iron losses specially affect axially laminated construction, limiting the
efficiency advantages of the SynRM itself. In addition, the manufacture process is

challenging and expensive, reducing their commercial possibilities.

As a solution, Fig. 2.2(c) shows a transversally laminated anisotropic (TLA) rotor
design. This rotor is easier to manufacture and generates relatively low iron losses,
being generally preferred for automotive applications even when the saliency ratio
¢ < 10 [14].

The dynamic model of the SynRM is represented by the voltage model in a dq

reference frame, synchronous to the rotor. This is presented in (2.2).

Figure 2.2. Different anisotropic structures of the rotor in SynRMs: (a) tradi-
tional lamination, (b) axially laminated anisotropic rotor, (¢) transversally laminated
anisotropic rotor (TLA) [14].



dXg

vg = Rgtg + E - we)\q
o (2.2)
Vg = Rslq + W + we)\da

where vg and v, are the stator voltages, iq and ¢, the stator currents, \; and J,
the stator flux linkages, and w, the electric angular rotor speed. Fig. 2.3(a) shows
the equivalent circuit based on (2.2), but only reported for the d-axis, while the
equivalent g-axis representation can be obtained in similar way. This model represents
the effects of copper losses through the stator resistance R, but neglects iron losses
due to hysteresis and eddy currents for simplicity. The influence of the iron losses
on the transient behaviour of the motor is usually neglected, but it is important
to consider that its effect, for the commissioning task, might lead to inaccuracies
for inductance calculation. Fig. 2.3(b) shows an equivalent circuit representation

including an additional resistance for iron losses representation [24].

I_/\/Iy\,_,yf

¥ d -
e
+

(a) (®)

Figure 2.3. SynRM d-axis equivalent circuit: (a) with copper losses only; (b) with
copper and iron losses

The rotor mechanical rotation is related to the number of poles of the motor, given

by (2.3)
O = Oy, (2.3)
where 0, is the electric rotor angle, #,, is the rotor angle and p is the number of pole

pairs of the machine. This derives into (2.4)

We = Py, (2.4)
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where w,, is the rotor angular speed.
Based on (2.2), the torque produced in the electromechanical energy conversion

process is given by (2.5)

3 . .
T. = Ep()\dzq - )‘qzd)’ (25)

To complete the overall modelling of the machine, the mechanical model is given by

(2.6)

dw
—" + Buw,, + T, 2.6
o+ Bum + T, (2.6)

T.=J
where J is the constant of inertia, B is the viscous friction coefficient and T}, is the
load torque.

Conventionally, a first approximation of the model given in (2.2) involves the as-
sumption of a linear model representing the magnetic circuit. In practice, the iron
core can sustain a certain flux level beyond which it saturates, and any increase in the
current will not produce significant flux increments. It means that the flux linkage
and the current can only be accurately represented by a non-linear relationship. In
addition, the currents in the two orthogonal axes interact through a common ferro-
magnetic core, affecting the flux and, hence, inductance in the perpendicular axis; this
causes redistribution of flux due to core saturation and is called the cross-saturation
effect [3]. Thus, the flux cannot be modelled by means of a single-variable-dependent
function. In fact, each one of the fluxes Ay and A, is dependent on both dg current
components at the same time, establishing the 2-dimensional general relations in (2.7)

8,25, 26].

)\d = )\d(ida Zq)
/\q = /\q(id7iq)

(2.7)

The magnetic model can also be represented by an alternative form, by introducing
specific inductance concepts, suitable for control purposes due to the easiness of the

mathematical formulation. First, the apparent inductance L*? is introduced and
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defined by (2.8).

o o Maliariq)  Aaligsi
Lapp _ pr(lda Zq) Lgf;p (2d7 ZQ) _ d(ZZ Zq) d(zz Zq) (2 8)
Lgsp(id’ iy) Lgpp (ig,iq) )\q(j‘i’iq) Aq(z?iq)

The main-diagonal terms in (2.8) define the apparent inductances as the ratio
between the flux linkage and the corresponding current on the same axis, specified
for a given operating point. The apparent inductances represent the magnetic flux
level of the machine in a specific operating point defined by (i4,%,) and, therefore,
they are used for large-signal representations of the SynRM electromagnetic circuit
[27]. The off-diagonal terms in (2.8) demarcated as a ratio between the flux linkage
and the current on the orthogonal axis, Ly and Lg7", represent the effect of cross-
saturation over the inductances; they are called cross-apparent inductances and can
be neglected due to their low values with respect to the self-apparent inductances L™
and LgPP. Alternatively, the effects of these inductances can be included in L™ (ig,4,)
and L{PP(ig, iq)-

The substitution of (2.8) in (2.2) leads to:

o [0alig,ig) diq  ONg(ia,iy) di o o
vg = Ryig + { Dia 4 at ai, . d_tq — We (Ag(ia, ig) + Agalia, iq)) 29
. ON(ia,iq) dig — ONg(ig, i) di o . '
vq:Rszq+[ ) G 1 Pl Sl i (i) + Ml i)

This allows to define the partial derivatives of the flux linkage components as the

incremental inductances according to (2.10).

mnc(; o g nc(; g Oa(id,iq) OAg(id,iq)

ine — ld (Zd> Zq) ldq (Zda Zq) _ dig Dig (2 10)
mnc(; g nc(; 4 O (idyiq) O (iq,iq) '
qd (Zdv ZQ) lq (Zd7 ZQ> dig dig

The incremental inductances represent the rate of change of the magnetic flux of
the motor with respect to the two variables ¢4 and i, in a specific operating point.
Thus, they carry the information on the small-signal or transient behaviour of the

motor [27].
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Fig. 2.4 shows a typical flux curve along with the graphical representation of
apparent and incremental inductances. The apparent inductance is illustrated as
the slope of the linearised characteristic of flux linkage versus current, which goes
through the origin and a given operating point, while the incremental inductance is

represented as the slope of the line tangent to the operating point.

Incremental

Inductance
LA Linc
l{)‘i‘A?\,{) ........................... %

L
Apparent
Inductance

. . . . ’
1p 10+A1() 1

Figure 2.4. Definition of apparent and incremental inductances [28]

Considering the definition in (2.10) and neglecting the cross-apparent inductances,

the expression (2.9) can be written as [29]:

. mnc( ; . dl mnc( ; . dl app
vg = Rgig + 15" (i, zq)d—td + Ugg (i, zq)d—tq — W, (Lqppzq) : )
2.11
: ncl; di nc(; di app -
vy = Ryiq + Loy (14, Zq)d—: + 1 (14, Zq)d—; + we (L3i4)

The previous definitions allow to define the torque equation as a function of the

apparent inductances as (2.12).

3 a4 appy
T = §p(Ldpp — LgP)iaig (2.12)

Although the equivalent circuit of SynRMs is simpler than the one of conventional
induction motors due to the absence of rotor currents, there is a challenge in the
characterisation of their magnetic model. It is characterised by the difference between

the d- and g¢-axis inductances. Moreover, these inductances are not constant, and
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apparent and incremental inductances should be considered, as well as the self- and
cross-saturation phenomena in each of them. These components influence directly
the performance of a dq axis-based control scheme and the accurate prediction for
the output torque, power factor and stable region of operation, in particular, for
those applications centred in a constant-power speed range such as EVs [30]. Given
that the relationship between flux linkage and currents is highly nonlinear, accurate
control techniques cannot be adopted without taking it into account, otherwise, it
could cause significate errors in the prediction of torque capability compared with the

real motor [30-33].

2.2 Predictive control of SynRMs

Regarding control strategies for electric drives, the most common are linear PI
controller based rotor field oriented control (RFOC) and hysteresis based direct torque
control (DTC). Field oriented control is a method for controlling ac machines by
representing their dynamic behaviour by a dc equivalent system. The main complexity
in RFOC lies in estimating the rotor flux angle for coordinate transformation based
on the model of the machine which is very sensitive to the machine parameters.
Furthermore, the dynamic response is limited by the bandwidth of inner current
loop and the cascaded structure demands tuning to achieve good performance [34].
Meanwhile, direct torque control is based on the bind of torque and flux errors in
hysteresis bands by selecting the switching states of the inverter. The hysteresis band
invariably leads to variable switching frequency operation. The drawback of DTC in
the digital implementation is the need of very high sampling frequency to prevent
high torque ripples that could affect the motor lifetime [35]. Recently, new control
schemes such as fuzzy logic, neural networks, sliding mode control and predictive
control have been considered based on a technological impulse from more powerful
Microprocessors.

A predictive control strategy uses a model of the system to predict the future

behaviour of the controlled variables and obtain an optimal response according to a
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defined criterion. The predictive control methods can be classified in deadbeat control,
hysteresis based control, trajectory based control and model predictive control (MPC)
[36]. This thesis work is based in a MPC strategy previously implemented in [34].
This strategy uses a more flexible optimisation-based approach which computes the
next control action by the minimisation of a cost function. This cost function is
the difference between the predicted output of a system and the specified reference.
This can take two different schemes: MPC with continuous control set or MPC with
finite control set. The focus here is over the latest scheme, which predicts the system
response for all possible switching states in the power converter given their discrete
nature. Then, it generates the switching pulses corresponding to the voltage vector
that minimises the cost function and applies them in the next sampling instant.
Consequently it does not require a modulator and hence presents a variable switching

frequency [37,38].

The implemented MPC uses predictive current control (PCC) by setting the stator
currents in the dq synchronous rotor reference frame as control variables. The block
diagram of this control strategy is shown in Fig. 2.5. Unit delay compensation is
applied to reduce torque and flux ripples caused by the delay in the processor due
to the large number of calculations involved [39]. The estimated currents at instant
(k4 1) are represented by 74 and %q based on a forward Euler discretisation according

to (2.13) [40,41].

) T,
tg(k+ 1) =iq(k) + e

mnc
_ T g™

6linc lqinc

o+ 1) = ig(k) + 2 (0 (k) — Raiy(k) — wohak))

inc
lq
inc
o Ts ldq
lqznc Ts

(va(k) = Raia(k) + weAq (k)

(Uq(k) - Rsiq(k) + weAd(k))
(2.13)

(ta(k + 1) — iq(k)),

where iq(k) and i,(k) are the measured stator currents, vy and v, are the voltage
vectors applied at instant k, T, is the sampling period and 61" is defined in (2.14).

The applied voltage is not measured directly but calculated from the measured DC
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Figure 2.5. Predictive current control block to use in the self-commissioning tests [34]

link voltage and switching state of the inverter.

. . inclinc
pine — qine _ Lo lad (2.14)

Jinc

The currents for instant k+2 are predicted then for each one of the different
voltage vectors that can be applied to the motor, using the equations presented in
(2.13)-(2.14), shifted one sample ahead.

The cost function for the predictive current control is defined in (2.15). It consists
of the squared error between the predicted stator currents, %, and ib, and the reference
values, i3 and i;, for the d- and g-axis. The voltage vector that minimises the cost
function is chosen and the corresponding switching pulses are sent to the inverter at

the next sampling instant.

G = (iy—iy(k+2))* + (if —i(k +2))? (2.15)

The hybrid flux estimator in Fig. 2.5 is used to estimate the flux based on both a
voltage model and a current model with the inductance values used in look-up tables

(LUTSs). This was implemented in [34] because the flux estimation with voltage model
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is robust at high speeds, but the smaller magnitude of the back-EMF makes the use
of the current model a preferred option at low speeds. Therefore, the hybrid flux
estimator is developed to exploit the merits of both methods based on the operating
speed, avoiding discontinuous transitions between the voltage and current models.
It is worth to notice how the prediction and optimisation process is highly depen-
dent on the accuracy of the parameters, especially of the inductances due to their
non-linear behaviour. It highlights the importance of self-commissioning prior the

optimal performance of this control strategy.
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Chapter 3

SELF-COMMISSIONING OF
SynRM DRIVES

This chapter briefly reviews the state-of-the-art of self-commissioning strategies
for SynRMs. Given the high nonlinearity of these motors regarding the flux linkage
behaviour, the focus is on the calculation of apparent and incremental inductances
considering saturation and cross-saturation phenomena. The determination of these
inductances is critical for the controller operation because they can significantly vary
with respect to the current. It is expected to obtain a smooth decrease in the d-axis
inductance (Ly™, 1), while the g-axis inductances (LgP, I1*) are expected to present
larger decrease at lower levels of current. The stator resistance is also considered,

which is directly measured with an ohmmeter.

3.1 State-of-the-art on self-commissioning for

SynRMs

Different identification procedures for the parameters of SynRMs have been con-
sidered. Since saturation phenomena is presented in both PMSMs and SynRMs,
whatever the type of machine, the magnetic model is generally represented as flux

linkage look-up tables, and most of the techniques applied to PMSMs can be adapted
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to SynRMs. This section considers a literature review of the parameter identification
methods applied to SynRMs and some of the latest focused on IPMSMs, which are

suitable for SynRMs considering a null PM flux linkage.

Online parameter estimation is commonly used to track continuously the param-
eter variations during motor normal operation. The control schemes presented in
[42-46], for instance, rely on online estimation methods, thus evidencing their main

advantage on performance improvement in sensorless control applications.

Regarding the offline methods, according to the classification proposed in [47],
the magnetic model of synchronous machines can be identified via finite element
analysis (FEA), locked rotor tests, free shaft at constant speed test and high frequency
injection.

FEA is commonly applied for parameter identification at an early design stage of
the machine. In [48], for instance, various methods to calculate the magnetic model
of an IPMSM though FEA are examined. Apparent and incremental inductances
are considered, but they do not consider both self-axis and cross-saturation compo-
nents for the apparent and incremental inductances, or require several nonlinear FEA
solutions for each load condition, and therefore, a high computational load and run-
ning time. Recently, [23] analytically calculated the electric and magnetic parameters
of a SynRM, as a part of a sizing methodology for traction applications; FEA was
considered in the validation procedure for the proposed analysis. In [49], the authors
applied FEA to determine the self- and cross-coupling components of apparent induc-
tances but neglected the incremental inductances. In general, the main disadvantage
of FEA is the requirement of a detailed knowledge about the geometry and magnetic
properties of the machine, information which is usually not provided by manufac-
turers, making this technique impractical for on-site applications. In addition, FEA
simulations are not always accurate enough, and they must be eventually validated
by experiments [8].

Locked rotor tests simplify the voltage expressions in (2.2) by fixing the shaft speed
equal to zero. These methods involve the application of a square-wave voltage in self-

axis while a constant current is applied in the orthogonal axis, as it was performed
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in [50]. In this study, a controlled VSI provided a constant value for d- or ¢- axis
currents, requiring a closed loop control system. At the same time, the current of the
opposite axis was changed in a stepwise manner. In this way, saturation and cross-
saturation effects on apparent inductances were considered. Incremental inductances
were calculated later by the approximation of partial derivatives, considering both self-
axis and cross-coupling components. Moreover, stator resistance was computed using
the data corresponding to voltage and current in steady-state for each step change.
Later, authors in [51] applied this technique by blocking and detecting the initial
rotor position, injecting AC current excitation in the self-axis, and short-circuiting
the orthogonal axis for computing the apparent inductances with self- and cross-
axis components. Differential inductances were also determined by means of high

frequency voltage injection.

On the other hand, constant speed methods can estimate the parameters while the
motor is running at steady-state, therefore, when the voltage equation is represented
in rotor reference frame, considering the derivative terms in (2.2) equal to zero [52].
Then, flux linkages in dq axes can be computed. In the same way as the locked rotor
method, the motor under test is dq current-controlled and the currents in d- and ¢-
axes are increased from zero to a maximum value, looking for a complete exploration
of the \ versus ¢ relationship [8]. This technique has been applied to SynRMs in [53],
in which an analytical model, including core losses and cross-saturation, was tested.
In [54], a special sequence of currents feeding the machine was proposed. Ther-
mal variation during the test was suppressed by running the motor in a subsequent
motor-brake operation. Nevertheless, since steady-state was considered, incremental
inductance effects were neglected. The method was also applied in [12], in which an
analytical expression was proposed. The authors run the motor at constant speed
and determined the flux linkage as a function of iq — 44, computing the respective in-
ductances. Then, these inductance values fed a cost function to be minimised fitting

the parameters of the proposed model.

Other approach sets the operation point through a pattern of closed-loop-controlled

currents as a reference to get a constant motor acceleration [47]. The ramp speed re-
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sponse corresponds to a steady-state torque value and dq constant flux linkage, which
causes the derivatives in (2.2) to become zero. The speed response is set to ramp up
and down by reversing the i, current component when maximum speed is reached.
This accomplishes the condition of the machine working as a brake and motor, which
allows to estimate symmetrically the flux linkage and allows to reduce the errors from

terminal voltages estimations and stator resistance.

The main disadvantage of constant speed tests is the need for specific extra hard-
ware, including a controlled prime mover, sometimes a wattmeter, the measurement
of pulse-width-modulated machine voltages, etc., according to the adopted technique
[55]. In fact, all methods for parameter identification previously mentioned do not
meet the requirements and restrictions suitable for self-commissioning, in which it is
expected that the parameters are estimated at standstill, with no special arrange-
ments. Thus, the inspection method of the machine impedance considering the afore-
mentioned restrictions has been recently adopted as an advantageous methodology

for parameter estimation of SynRM on site [1,8,47].

In [3] a self-commissioning method including the effect of saturation and cross-
saturation on apparent inductances is presented. The method involves high frequency
sinusoidal injection test, with signals that are closed-loop-controlled by a PI current
controller tuned a priori. Given that conventional PI controllers would require a high
bandwidth to handle high frequencies, a PI plus resonant controller (PI-RES) substi-
tuted it. In addition, the method requires information about initial rotor position.
Stator resistance is computed through a dc injection test along the d-axis, prevent-
ing machine rotation; inverter nonlinearity is compensated by applying two levels of

current and calculating resistance from the voltage difference.

The high frequency injection method starts by determining the self-axis apparent
inductance by injecting the high frequency sinusoidal current in one axis while the
other is fed by zero reference. Cross-saturation is computed by applying the same
high frequency reference in the self-axis while a dc current is applied to the cross-
axis. To prevent rotation during the d-axis test, dc current is replaced by square

wave with lower frequency than sinusoidal for the cross-axis reference. Thus, possible
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shaft rotation is avoided during the test due to the torque generation caused by i,.

Incremental inductances are not mentioned within the developed method.

This technique was later improved in [56] by injecting an ac + dec-biased current
in one axis, while the other is set to zero. Cross-saturation is considered correspond-
ingly with the previous methods, by applying a dc signal in the orthogonal axis.
Moreover, authors claimed that the method is immune to both stator resistance error
and inverter dead-time. The addition of a dc-biased ac injected current is intended
to divide the magnetic characteristic curve into infinitesimal sections, analysing each
section under the assumption of local linearity. So, inductance is calculated in each
section as the slope of the curve caused by the ac waveform. DC-biased component
value controls the magnetising state. It improves the overall estimation accuracy of
the results compared with the previous method. Incremental inductances are not

considered explicitly during the modelling.

In [27], authors claimed, after experimental tests, that the magnetic model pro-
posed in previous works cannot be represented through small-signal injection for the
identification of incremental inductances given the inaccuracies appearing when iron
losses and other nonlinearities are neglected, even with a high increase in the test
voltage amplitude. Instead, a method applying square-wave voltages to the self-axis
and constant values to the orthogonal axis is proposed. In this case, square-wave is
applied also to the axis with lower magnetic reluctance or largest inductance. Self-
axis and cross-saturation components in apparent and incremental inductances were

considered.

In 2016, Bedetti, et. al. [55] proposed a technique in which the linear least
squares (LLS) method was used to fit a piecewise-defined mathematical model to the
measured samples. The cross-saturation effect is taken into account by dividing the
cross-axis into segments, each of which has its own saturation curve and a set of
fitted parameters. The self-commissioning test is thought to avoid the current bias
injection and to replace the PI controllers since they require a previous knowledge
of drive parameters for a proper tuning. Instead, a hysteresis control is applied, and

proper voltage stimulus is injected in each of the two axes separately. The supply
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current is set with a null average, high frequency (to create a pulsating torque which
prevents rotation) and sufficient amplitude to cover the whole current range of the
machine. Fig. 3.1(a) shows the square wave voltage applied in d-axis with a zero
g-axis current and the correspondent current and estimated flux, while Fig. 3.1(b)
illustrates the square wave voltage applied in ¢-axis with a higher frequency and
lower amplitude. During the test, flux linkage at standstill is estimated and a group
of cumulative-sum terms are fed for the saturation region. The procedure avoids the
storage of all flux and current samples, but it deals with the storage of cumulative-
sum terms and post-processing. In addition, an initial guess must be done about the

threshold current which determines when the curve starts entering into the saturation

region.
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Figure 3.1. Signal sequence adopted for identification of flux curves in [55]. (a) d-axis
identification (b) g-axis identification.

In [57], a self-commissioning method is proposed, this includes a similar excitation
as the one in figure 3.1, but instead of using the same magnetic model than the one
applied in [55], it fits the results to the algebraic magnetic model proposed in [12].
The magnetic model is initially represented, for the d-axis, through a self-axis model
by the polynomial function:

id()\d) = (ado + adll)\d\ + ...+ adn\)\d]”))\d, (31)

where agg...aq, are the coefficients and n is the highest exponent. The model is
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simplified in the same way as [12]:

ia(Ad) = (aao + aaalAal”)Aa, (3.2)

where ag4o is the inverse of the unsaturated inductance, S is a positive exponent
determining the shape of the saturation characteristics, and aq4q is a nonnegative
coefficient. Authors chose to fix S = 5 arguing it fits the best to the saturation curve
representation.

The main benefit of (3.2) is that it can be represented also as an inductance
function, which can be eventually differentiated to find the incremental inductances.
In the case of the d-axis characteristic, it is:

Ad 1

L, ) = = .
pp,d( d) Zd()\d) ago n add|>\d|s (3 3)

O\ 1
L ) ' A

The aforementioned procedure is also considered for the ¢-axis case, but applying

the equation:

iq(Ag) = (aqo + aqq|>‘q|T)>‘q- (3.5)

In this case, authors mentioned that since the effective airgap is large along the
g-axis, the exponent T' =1 is typically used with appreciable accuracy.
For the inclusion of cross-saturation in the algebraic equation, the cross-coupling

components are added to the self-axis expressions previously defined, according to:

ia(Aas Ag) = 1a(Aa, 0) + aggl Aal” | Agl” Ad (36)
ig(Ads Ag) = 1g(0, Ag) + a:;d|/\d|U |/\q|v/\q7
where a;lq and a;d are nonnegative coefficients and U,U,V and V' are nonnegative

exponents. The functions i4(Ag, 0) and ,(0, \,) describe the self-axis saturation char-

acteristics. Applying reciprocity condition, it can be turned into:
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. a
ia( Ay Ag) = (aao + agalral® + %\AWMQ\V“W
: T qd Ut2(y |V (3.7)
ig(Ady Ag) = (aqo + agq|Ag] +U——i—2|>\d| A" ), Aq

where aqo, @44, aq0, qq, and a4, are nonnegative coefficients and S,7',U, and V' are non-
negative exponents. There are three parameters for the d-axis, three for the ¢-axis,
and three for the cross-saturation. The exponents S,T.U and V were experimen-
tally fitted by the authors for each motor under test. This lets only five parameters
remaining, which are estimated using the standard LLS method, reducing the esti-
mation problem to solve a set of linear equations. The inverter nonlinearities are
claimed to be omitted since the method is accurate enough without that compen-
sation. The effect of stator resistance is clearly analysed showing the reduced effect
over the magnetic model, affecting the hysteresis behaviour. Results showed how the
signal injection generates a quasi-standstill condition in the motor, since the rotor

did not displace more than 30 electrical degrees.

3.2 Self-commissioning with current injection

The state-of-the-art on self-commissioning of SynRMs deals with current injection
along the rotor dg-axes to identify the flux curves representing the magnetic model.
These techniques tend to avoid the use of PI controllers due to inaccuracies and
time spent during the tuning process. Thus, signal injection method is adopted in
this thesis given the advantage of having a system with a predictive current control
(PCC) with current minimisation strategy [34]. This is especially convenient for
self-commissioning based on signal injection, because additional control tuning is
not required. Response based on PCC uses the stator currents in the synchronous
reference frame as control variables. These are used to estimate and predict the
currents in the instants k41 and k+ 2, and to minimise a cost function consisting on
the squared error between the predicted stator currents (iq(k + 2) and i,(k +2)) and
the corresponding reference values. Although this control strategy relies on accurate

parameters to guarantee motor performance, the errors in current reference tracking
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are negligible if a rough estimation in the parameters is available.
Two current injection techniques are tested: sinusoidal and square wave current

injection.

3.2.1 Sinusoidal current injection

The signal injection test sets a current in one of the d- or g-axes to identify the
characteristics of flux linkage in the excited axis. Sinusoidal waveform is chosen for
this test because it has a zero-average value. This feature voids to produce a zero-
averaged pulsating torque which can avoid rotor movement if the frequency is high
enough. In addition, sinusoidal current injection along one of the coordinated axis
produces a smooth and continuous response in the flux linkage and therefore allows
to calculate continuous values for apparent and incremental inductances. Estima-
tion of the flux linkage assumes that iron losses are negligible, thus representing the
coordinated axes by the equivalent circuit in Fig. 2.3(a).

This test considers also the cross magnetisation phenomenon. The sinusoidal
current is injected in a chosen axis and, simultaneously, a dc-current is injected in
the orthogonal axis. The test is repeated for different values of the dc-current. This
allows to obtain one flux curve per applied dc-current level and to reconstruct a
flux surface (flux as a function of both d- and g¢-axis currents) by interpolating the

obtained curves.

3.2.2 Square wave current injection

A self-commissioning method based on current injection and including iron losses
in the equivalent circuit of Fig. 2.3 is adopted based on [27]. The objective is to
apply a current injection method considering that iron losses cannot be neglected in
the inductance identification process. This would make inaccurate the flux estimation
from the injection of sinusoidal currents. Instead, the injection of a square wave
current would allow to make the approximation of iy = 44, in the circuit of Fig.

2.3(b) as long as the steady-state condition is reached in the flux estimation. The
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amplitude of the applied square wave current defines the only discrete points along
the flux curve, therefore different amplitudes must be considered to explore the whole
identification range. Then, the flux curve is reconstructed by connecting the different
points calculated before.

Cross-magnetisation is considered using the same process as the sinusoidal current
injection test. The flux curves for different cross-axis dc currents are calculated and
the flux surfaces are reconstructed by interpolation between the curves. In other
words, the estimation of the \; is obtained with square-wave current references for iy
and constant references for ¢,, while the estimation of ), is obtained with square-wave

current references for 7, and constant references for i,.

3.2.3 Flux linkage estimation

Once it is possible to make the system following a reference current in a rotor
reference frame, it is necessary to determine the variation of flux linkage along both
d- and g¢-axes. For this, an approximate voltage model is considered according to
the SynRM mathematical model, considering a standstill condition. This condition
allows to neglect the speed transients components and to compute the flux as the
integral of the voltage minus the voltage drop across the stator resistance, as shown

in the block diagram of Fig. 3.2.
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Figure 3.2. Stator flux estimation using a voltage model
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3.2.4 Identification of apparent and incremental inductances

using polynomial representations

Once the fluxes and currents in each d- and g¢-axes have been identified, it is
possible to determine the apparent inductances based on its definition in section 2.
However, the use of (2.8) causes a division by zero problem for low values of currents.
To avoid this problem, the flux surfaces are approximated by polynomials according

to (3.8) [58].

Aa(ig,iq = const) = ag(i, = const) + Z ax(i, = const)i®
k=1
A (iqg = const,i,) = by(iq = const) + Z bi(iq = const)i';,
k=1
where ag,, ax, by and by, are the polynomial coefficients. From (2.8) and (3.8), the

polynomial representation of the parameters is given in (3.9).

A = Ao + Laiq = ap(iy = const) + Z ax(i, = const)i®
o (3.9)

Ag = Aog + Lyiq = bo(iq = const) + Z bi(iq = const)ik,
k=1

where \jo and Ao, are the d- and g-axis current dependent flux for ¢, = 0 and i, = 0
respectively. These values are theoretically zero for SynRMs while depends on the
magnet flux for PMSMs. Then, the polynomial representation can be split as (3.10)
to get the apparent inductance in (3.11).

Lgiq = Z ax(iy = const)i®
=l (3.10)
Ly, = Z bi(iq = const)ik
k=1
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ax(iy = const)it !

hE

Ly(ia, i, = const) =

k=1

(3.11)

Lqy(iq = const,iq) = Y by(iq = const)i "

NE

i

1

Incremental inductances can be calculated from 3.9 by the derivative with respect

to the correspondent ig4, i, values.
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Chapter 4

ANALYSIS AND APPLICATION
OF SELF-COMMISSIONING
STRATEGIES

In this section practical implementation of the self-commissioning techniques is
detailed. Software and hardware used for the lab tests are described as well as the
online and offline post-processing procedures for the obtained data. Sinusoidal current
injection and square wave current injection tests are used to identify the flux linkage
characteristics as a function of the currents in the rotor reference frame. Then,
apparent and incremental inductances are identified using polynomial representations
of the flux surfaces. The self-commissioning techniques are applied to two 3 kW
SynRMs from different manufacturers. The accuracy of the obtained parameters is
evaluated experimentally, running the SynRM drives in torque control mode by the
PCC strategy and analysing the error in the prediction of the currents and the THD
of the line currents. The selected current injection method is then applied to a 11

kW SynRM which is intended to be used in an electric vehicle in future work.
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4.1 Experimental setup

Fig. 4.1 shows a block diagram representation of the equipment used for the
self-commissioning tests. These equipments are illustrated in Fig. 4.2. This consist
on an autotransformer connected to the grid through a circuit breaker and whose
output feeds a three-phase diode-bridge rectifier. A dc-link capacitor connects the
rectifier with a three-phase inverter; dc-link includes also a resistive load for protection
when deceleration tests and negative torque conditions are produced, since it is not
possible to regenerate power back to the grid through the rectifier. The inverter
feeds the SynRM through current sensors and a circuit breaker. Gate signals for the
inverter are generated by Matlab, with Simulink and dSPACE library, ControlDesk
interface programme for dASPACE containing virtual instruments and data acquisition
facility. The control scheme is implemented in a dASPACE DS1103 board considering
a sampling and control period of T's = 60 us. The input voltage is regulated between
0 V —400 V by the autotransformer, while the diode-bridge rectifier leads the dc-link,

thus providing an average voltage of 565 V at the 4.7 mF capacitor terminals.

The operation of the control system in the rotor synchronous reference frame
requires the measurement of the rotor position, which is obtained from an incremental

encoder. At the same time, the controller requires the rotor to be positioned in

Auxiliary
drive

E dSPACE DS1103 .J

VDCT Gate .
b pulses igbe | Wi
Signal

Circuit breaker conditioning Encoder

] — o —
Grid | 1! ! 1 Current

| _T_ | o[ | Tl Sensors

T ______ SynRM
Autotransformer

Figure 4.1. Experimental setup block diagram
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Figure 4.2. Hardward and equipment for experimental tests

an initial angle. Thus, before each test, a constant dc current is injected along
machine d-axis during approximately 4 seconds to align the rotor. This technique
takes advantage of the saliency in the SynRM by making the flux produced by the
injected current to take the least reluctance path, aligning the rotor in the reference

or zero position.

In all the commissioning and validation tests, the shaft of the motor is coupled
to an induction motor drive. For commissioning tests, this only acts as an additional
inertial load, while it works as an auxiliary drive during the validation test. In
the latest, the SynRM is operated in torque control mode with an imposed torque

reference input; the auxiliary drive then provides speed regulation.

The self-commissioning test is applied to the motors with the nameplate charac-
teristics summarised in table 4.1. It is worth to mention that, given the limitations
of the available test rig, only the results for the two 3 kW motors are evaluated ex-
perimentally under the same conditions. The results of the 11 kW motor are tested

by running it in free-shaft condition. The objective is to “tune” the commissioning
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Table 4.1: Nameplate data of tested motors.

Manufacturer Power | Speed | Voltage | Current | Efficiency
(kW) | (rpm) | (V) (A) (%)
KSB 3 355 7.9 90.4
ABB 3 1500 380 7.1 85.5
ABB 11 380 25.0 89.8

methodology to identify the magnetic parameters of the third motor (11 kW), which
is going to be coupled to the power train of an electric vehicle prototype.

Based on the information from table 4.1 different limitations for voltage and
current are considered during the software parametrisation. The software in Mat-
lab/Simulink is set to stop any signal transmission to inverter gates when any limit is
triggered. This complements the considered hardware protections such as fuses and

circuit breakers.

4.2 Self-commissioning applied to a 3 kW KSB
SynRM

The first motor under test is the 3 KW — 355 V KSB SynRM with 7.9 A rated
current and 1500 rpm rated speed. The motor is shown coupled to the auxiliary drive
in Fig. 4.3. Protections are configured to disable IGBT gate signals if the peak value
of phase current is greater than 14 A.

In the present commissioning test, the first parameter to be determined is the
stator resistance. It is measured by a multimeter Agilent U1253B. For increasing
the accuracy of the voltage model, measurement is taken at the input of the circuit
breaker, considering also the resistance of the connection cables feeding the motor.
The total stator resistance to be used by the control system is thus 1.35 €.

As described in chapter 2, the current injection tests are executed using a PCC
strategy. The performance of this controller relies on the parameters set offline before
the test is done, but to follow a current reference high accuracy is not required and the

errors are not significant if a rough estimation of the parameters is available. Here,
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Figure 4.3. 3 kW KSB SynRM

approximate values for apparent and incremental inductances previously estimated
in [34] are used. Initial values for apparent inductances are chosen as Ly = 0.1172 H

and L, = 0.0712 H.

4.2.1 Sinusoidal current injection test

Fig. 4.4 shows the Simulink implementation for sinusoidal current injection test.
Sinusoidal waveforms with unit amplitude are set as reference in both d- and g-axes.

The sine amplitudes are modified by a multiplication with a constant value which is set
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id_DC |—‘ »T . u? >+
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: 3 |
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Figure 4.4. Simplified Simulink diagram for sinusoidal and dc current injection
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online by the user in the ControlDesk. A dc-current is also set from ControlDesk to be
applied in the cross-axis for the cross-saturation identification. Then, the subtraction
of the defined reference current (sinusoidal or dc) and the predicted current after
unit delay is done. This prediction error is used in the PCC algorithm to follow the
reference currents. Fig. 4.5 shows the sinusoidal currents set as reference in the cost
function of the PCC system for both, d-axis and g¢-axis test with ¢, =0 A and 7, =0
A, respectively. The amplitude of the sinusoidal waveform per axis is chosen as 80
% of the rated peak current, in this case 0.8 x 7.9 x v/2 = 8.9 A, and a frequency
of 30 Hz. A proper selection of sinusoidal amplitude is needed to define the range of

identification of saturation phenomenon [1].

10 T T T ] T T 10 — T T
—id(Measured)f —iq(Meesured) /
st f 4 | aeaas id( Reference) | - 5 f N | eenas iq( Reference) |
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0.46 047 048 049 05 051 052 0.53 046 047 048 049 05 051 052 053
time (s) time (s)

Figure 4.5. Reference and measured currents for d- and ¢-axis

Fig. 4.6 shows the flux linkage waveform calculated by the flux estimator for
the d-axis case at i, = 0. A time window of 1s was chosen to save the data. For
the identification of the Ay vs i4 saturation phenomenon, one complete cycle would
suffice, but five cycles were chosen for calculations as the most stable during the
acquisition time window. This is done to avoid the processing of data involving a
transient behaviour after the current reference value is modified. Fig. 4.6 highlights
the five cycles considered for the d-axis test. The procedure is repeated with the
same sinusoidal amplitude but setting different values of dc current in the cross-axis
(¢g-axis). The g-axis test follows the same procedure, applying sinusoidal reference
for i, and dc current for 4.

Fig. 4.6 shows how distortions appear in both, current and flux waveforms. Thus,
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Figure 4.6. Estimated flux linkage, measured currents and selected samples for sinu-
soidal injection test along d-axis at i, = 0 A.

a second order low pass filter is connected to the output of the calculated flux linkages
and the measured currents, as shown in Fig. 4.7. The filter is designed with a
butterworth configuration and a cut-off frequency of 80 Hz. This does not interfere
with the reference current at 30 Hz, but it eliminates the harmonics with order larger

than three.
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Figure 4.7. Addition of low-pass filters to the stator flux estimator and the measured
currents

Fluxes are plotted as a function of the currents in Fig. 4.8. Fig. 4.8(a) shows the
magnetisation curve for both d- and g¢-axis tests with a cross-axis dc current set to 0

A. The two curves almost perfectly overlap, and ¢-axis magnetisation curve presents
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a saturation at much lower values of current than the d-axis flux curve.
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Figure 4.8. Flux curves in d- and ¢- axis for a dc current along the cross-axis of (a)
0 Aand (b)9 A

For the characterisation of the cross-saturation effect, the sinusoidal injection was
done in the self-axis while four values of dc-current reference were injected along the
cross-magnetic axis. Then, the flux surfaces can be reconstructed by interpolation
between the flux curves at different cross-axis currents. The values of the dc reference
signals must cover all the identification range for the cross-axis currents, that is, from
tg = 0A to iy = 9 A in case of the d-axis test and between i; = 0 A and 7y =9 A
in case of the g-axis test. The dc-currents were chosen as 0 A, 3 A, 6 A and 9 A
defining a set of linearly spaced values large enough to define the surface, but avoiding
a high number of tests. Fig. 4.8(b) shows the flux curves considering the case with a

maximum reference current in the cross-magnetic axis, i.e., 9 A.

Rotor position variation

Since the cross-saturation test involves the injection of reference currents along
both axes at the same time, it produces a non-zero instantaneous electromagnetic
torque. Self-commissioning is intended to identify parameters at standstill, therefore
the produced torque should have a pulsating nature due to the periodic waveform
applied; this should also present a zero-average in order to cause a zero-average speed.

Fig. 4.9 shows the electric angle variations, the estimated electromagnetic torque and
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Figure 4.9. Rotor position, estimated electromagnetic torque and speed for the sinu-
soidal current injection tests

the speed for the current injection tests at the maximum cross-axis currents, the most
critical situation for keeping the standstill condition.

For the d-axis test, rotor position varies around 15 electrical degrees while it
changes 4 electrical degrees for the g-axis test. Torque and speed presented a pulsating
behaviour with peak values of 20 N.m and 20 rpm, respectively. These values are
comparable with variation of other commissioning tests obtained in previous works
[55,57].

During the sinusoidal injection tests in this thesis, the motors were coupled to an
additional inertial load. However, if the machine is coupled to a low-inertial load or
in free-shaft condition, the current steps produced by the change in current reference
may lead to considerable rotor displacements. The rotor movement can be decreased
or avoided by decreasing the limit 7, and identification will be still accurate since the
saturation occurs at low values of i,, while for higher values it can be approximated
as a linear function. In the case of d-axis identification, it is not recommendable to

lower the current limit for i4, instead, the cross-axis current (i,) can be decreased
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since the variations in flux curves due to cross-magnetisation are lower.

Frequency of current signal injection

The frequency for the reference currents was set as 30 Hz. Higher frequencies
were applied for the self-axis tests, but this caused more violent vibrations and audible
noise in the motor. It was decided not to continue with the cross-saturation test under
this condition for safety and for preserving the motor. When lower frequencies were
applied, the current injection in both axes produced also an electromagnetic torque
pulsation at lower frequency; this caused oscillations of the rotor around its zero
position and thus inaccuracies in the amplitude and offset of flux linkages. Moreover,
this goes against the self-commissioning, intended to reduce the displacement of the

rotor position.

Polynomial curve fitting

Once the flux curves for different values of the cross-axis current reference were
obtained, apparent, self- and cross-incremental inductances can be computed. As
mentioned in chapter 3, the use of an algebraic magnetic model based on a poly-
nomial function reduces the complexity of the self-commissioning process, because
it avoids the asymptotic behaviour produced at zero currents when direct division
of flux and current is done. The calculation follows the representation in (3.9) to
calculate apparent and self-incremental inductances. The effect of cross-saturation is
considered by applying surface fitting tool to interpolate the data between the curves
obtained at different levels of dc current injection.

Although other fitting methods such as rational functions can give good results
when applied to measured data, they could produce vertical asymptotes. One example
is shown in Fig. 4.10, where a rational function with order 5 in numerator and 5 in
denominator was applied to the measured data.

This asymptotic phenomenon is not present when polynomial fitting is applied;
however, the order of the polynomial must be carefully chosen as it relies on the

consistency of the data. If the order is too low, inaccuracies in fitting would produce
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Figure 4.10. Rational fitting applied to the estimated flux in d-axis at i, = 0 A.

significant errors in the flux values, but if it is too high, curve oscillations might
appear between points, affecting the computation of derivative-dependent variables

such as incremental inductances.

On the other hand, the Matlab polyfit function was initially applied to the esti-
mated flux and current measurements corresponding to the five cycles chosen; how-
ever, since ascending and descending curves are present, polynomial curve tended
to deviate towards one of the limits as the example shown in Fig. 4.11(b). The
ascending and descending curves are caused by the hysteresis presented in the ferro-

magnetic material, as a consequence of the continuous change in the direction of the

i Meas ured Dalallq—OA —#—Measured Data |i =0 A
s P lynomial fit

s P lynomial fit

A, (V)
=

-10 -5 0 5 10 N
i ‘
&) i, (A)

Figure 4.11. Polynomial fit applied to flux curves without averaging
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sinusoidal currents. This phenomenon is included in the iron loss resistance in Fig.
2.3. Therefore, data from hysteresis loop must be averaged before its adaptation to
the polynomial model, thus representing the steady state condition which bypasses
the iron loss resistance in Fig. 4.11(b).

Fig. 4.12 illustrates the polynomial fitting applied to the positive values of ob-
tained flux and currents in d-axis, each with a constant ¢, equal to 0, 3, 6 and 9 A.
Only positive values are considered for the fitting because the inductances present a
positive and symmetrical behaviour for positive and negative values of current, so con-
sidering absolute value of currents in the control system allows to reduce the amount
of computed data without affecting the results. Fig. 4.12 also presents the original
data and the averaged curve superimposed to the fitted model to compare how this
represents the average value of the magnetisation curve. In this case, a polynomial
order of 7 is adequate to fit the data with enough accuracy. The polynomial is then

represented by (4.1).

Aa(ig) = pril + pail + ... + pria + ps (4.1)
The resulting coefficients are summarised in table 4.2.

Table 4.2: Polynomial coefficients for \g(iq4, i,)

P D2 p3 D4 Ps Pe pr Ps
g = 0A | 2.2575e-08 | 4.633e-08 2.783e-06 -5.369e-06 -1.34e-03 | 381.267e-06 | 0.1969 | -19.9e-03
1g = 3A | 4.218e-08 | 3.771e-08 | -1.4206e-06 | -5.1027e-06 | -1.0215e-03 | 408.679e-06 | 0.1869 | -19.439¢e-03

iqg = 6A | 2.880e-08 | 3.6582e-08 | 5.354e-07 | -4.8307e-06 | -1.0883e-03 | 406.678e-06 | 0.1847 | -21.099e-03
ig = 9A | 2.194e-08 | 1.1855e-08 | 1.2548e-06 | -9.2814e-07 | -1.0762e-03 | 221.095e-06 | 0.1818 | -19.586e-03

Fig. 4.13 shows the analogous result for the flux and currents in g-axis at the
same values of constant d-axis current. The self-axis saturation characteristics of the
g-axis can be modelled using a lower polynomial order since the effective airgap is
larger along this axis [57]. In addition, as it reaches saturation at lower values of
self-axis current 7,, an approximate linear behaviour can represent the flux at higher

currents, reducing the complexity of the fitting. The model is then represented by
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Figure 4.12. Polynomial representing the averaged flux curve for d-axis with ¢, =
{0,3,6,9} A.

(4.2).
Aglig) = 1180 + ot + ...+ rgiq + 77 (4.2)
Table 4.3: Polynomial coefficients for A, (i, 74)
T T T3 T4 Ts5 Te 7

iqg = 0A | -1.405e-05 | 421.684e-06 | -4.968e-03 | 29.186e-03 | -89.553e-03 | 0.1557 | -8.3117e-03
ig = 3A | -7.167e-06 | 219.536e-06 | -2.674e-03 16.61e-03 | -55.938e-03 | 0.1187 | -3.048e-03
iqg = 6A | -2.358e-06 | 7.827e-05 | -1.0578e-03 | 7.4840e-03 | -29.276e-03 | 0.0821 | -6.862e-03
ig=9A | -2.345e-07 | 5.132e-06 | -4.7974e-05 | 467.951e-06 | -4.796e-03 | 0.0461 | -1.921e-03

Fig. 4.14 shows the mesh surfaces, which have been plotted using the different

fitted curves for each dc-bias cross-axis current. The Matlab function surf was em-

ployed to plot the data corresponding to the flux curves at the four de-current values.

The averaged magnetisation curves are also shown to check the fitting given by the

chosen polynomial order. It is worth to notice how the cross-saturation has a more

significant effect on the ¢-axis flux vs current behaviour.
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Figure 4.14. Surface representation of A\4(i4,7,) and A\,(i4, i4) for the KSB motor.

Fig. 4.15 shows the apparent inductances in self-axis for both d- and g¢-axis.

These inductances were computed from the coefficient matrix in table 4.2 and table

4.3, by following the process described in (3.10) and (3.11) in chapter 3. Besides,
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partial derivatives are obtained from the original coefficient matrices to determine

the self-incremental inductances, as shown in Fig. 4.16.
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Figure 4.15. Apparent inductances at different cross-axis currents for the 3 kW KSB
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Figure 4.16. Self-incremental inductances at different cross-axis currents for the 3
kW KSB motor

Apparent inductances present an expected behaviour, with Ly starting with a
constant trend, representing the linear region in the saturation curve, followed by a
decrease due to saturation. Unlike L4, L, presents a decrease in the inductance value,
for instance at i; = 0 A, from L, = 0.16 H to 50 % of its value for a current i, < 2

A, reaching a steady condition which represents the constant slope after saturation.
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In the case of the incremental inductances, it is worth to notice that inaccuracies
are present for [; around the maximum current, with a slightly increasing value, while
the values slightly decrease at the maximum i, for the [, curves. This is caused by the
polyfit tool, which ”assumes” the trend of the flux curve for higher values of current,
beyond the identification window.

Figs. 4.17 and 4.18 show the comparison between the obtained values and the
look-up tables previously computed for the KSB motor [34]. In both apparent and
self-incremental inductances, the values coincide in trends, but the curves obtained
by this test present slightly higher values.

For the calculation of the cross-incremental inductances, the Matlab function fit
was employed which allows to create a surface fit to the input data. A flux surface was
then represented based on the flux curves obtained for different cross-axis currents.
Then, the function differentiate was applied to the resulting flux surface, and the
cross-incremental inductances were computed by finding the derivative of the flux
surfaces in d- and g-axis, with respect to the currents i, and i4, respectively. Results
are shown in Fig. 4.19. In this figure, the value l4, represents the derivative of the
flux in d-axis with respect to the current in ¢-axis. In a similar way [,q represents
the change of flux in ¢g-axis with respect to i4.

The cross-incremental inductances in both plots present negative values because
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test and previous look-up table values

the slope of the flux curves tends to decrease at higher levels of cross-axis currents.
This happens when the redistribution of flux due to core saturation occurs, caused
by the interaction of the currents in the two orthogonal axes through the common

ferromagnetic core.

Figure 4.19. Cross-incremental inductances lg,(iq, iq) and lq(iq4, iq)
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4.2.2 Square wave current injection test

The flux curves from sinusoidal current injection test in Fig. 4.8 present a loop
caused by hysteresis phenomenon. This is an effect of the iron losses, which were
averaged in the post-processing to obtain the apparent and incremental inductances.
This assumes that iron losses can be neglected in the equivalent circut, and it will
not affect the accuracy in the flux estimation. In [27], it is proposed that a square
wave current injection test can be applied for self-commissioning considering the iron
losses. This test uses the flux curves just after the steady state is reached avoiding
inaccuracies produced during transients due to the iron loss resistance. The test is
then applied to obtain the apparent and incremental inductances and to compare
their accuracy to the ones obtained from sinusoidal current injection. The test was
done using the Simulink file as the one in Fig. 4.4, but with a square wave generator
instead of sinusoidal one. The other blocks and their operation remained unchanged.
Fig. 4.20 shows the square wave currents set as reference for this test. The maximum
amplitude set for the square waveform per axis was also chosen as 80 % of the rated

peak current, (8.9 A), and the same frequency of 30 Hz was chosen.

Reference Current " "
s Measured Current | | s

Reference Current
Measured Current

0.3 0.31 0.32 033 0.34 0.35 0.36 0.37 0.38 0.39 0.4 0.3 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.4
time (s) time (s)

Figure 4.20. Reference and measured currents for square wave injection test

Fig. 4.21 shows the corresponding flux waveforms calculated by the flux estima-
tor when maximum square amplitude is applied. Fig. 4.21(a) shows the measured
waveforms of the d-axis test, while Fig. 4.21(b) shows the analogous results for g-axis
test, both at 7, = 0 and i; = 0, respectively. A time window of 1 s was chosen to
save the data, but Fig. 4.21 shows a reduced range to better visualise the waveform

shape.
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Figure 4.21. Estimated flux and measured current waveforms

Unlike the sinusoidal injection test, different square current waveforms must be
injected at different amplitudes to fulfil the current span or range of identification.
Since square signals represent current steps, only the steady-state values are consid-

ered for computation, as shown in Fig. 4.22.
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Computed data
Estimated flux
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Figure 4.22. Values considered for flux data post-processing

Once the flux linkage as a function of the current is plotted, the processed data
represents only discrete points along the saturation curve. Therefore, different am-
plitudes for the reference square wave signal are considered, and the flux curve is
reconstructed by connecting the different points calculated before. The method en-
sures an accurate computation of the flux linkage without any assumption on the

iron losses. This is illustrated in Fig. 4.23 where the polynomial fitting was applied
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to the group of points in the d-axis test. The amplitudes considered for the d-axis
current were 3, 5, 7, 8, and 9 A. The interval between amplitude values was reduced
for higher currents because the flux curve presents more appreciable non-linearities
for these values, while it can be approximated to a linear function for low values. The
polynomial curve spans only cover positive values of the current to reduce the amount
of processed data by taking advantage of the symmetrical behaviour of inductances,

as it was done for the sinusoidal current injection test.
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Figure 4.23. Polynomial fit for the d-axis data from square wave current injection
tests for two different values of i,

In the case of g-axis test, since nonlinear behaviour is mainly produced at low
currents, the amplitudes of the square wave currents were considered in narrower steps
for lower current values. The dc-current values injected in the cross-axis remain the
same as for the ones used in the d-axis test. Fig. 4.24 shows the points obtained from

the test and the polynomial fitted to the data for A\,(iq = 04, 4,) and A\,(ia = 94, 1,).
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Figure 4.24. Polynomial fit for the ¢g-axis data from square wave tests
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Fig. 4.25 shows the flux maps obtained by computing the fitted curves at different
cross-axis currents. These flux maps are obtained in the same way as the ones in the

sinusoidal current injection test.

Figure 4.25. Flux maps generated from square wave current injection tests

Once the flux maps are obtained, the same procedure is followed as for sinusoidal
current injection tests for calculating the inductances: polynomials of apparent in-
ductances are obtained from the polynomial representation of the flux using (3.11),
while self- and cross-incremental inductances are computed by the derivative of the
flux with respect to the self-axis current and the cross-axis current, respectively. Figs.
4.26, 4.27 and 4.28 show the apparent, self-incremental and cross-incremental induc-

tances, respectively.
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Figure 4.26. Apparent inductances generated from square wave current injection tests
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Figure 4.27. Self-incremental inductances generated from square wave injection test
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Figure 4.28. Cross-incremental inductances generated from square wave current in-
jection tests

As it was done previously, comparison with the values estimated in previous works
is done in Figs. 4.29 and 4.30. Results present an initial value inferior to the one
obtained with sinusoidal test, and closer to the inductances previously estimated in
LUTs. In addition, unlike the sinusoidal test, the self-incremental inductances in d-
axis do not present increasing behaviour at the maximum currents. However, two of

the [, present a positive slope at maximum values of current.
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Figure 4.30. Comparison on self-incremental inductances from previous LUTs and
generated from square wave injection test

4.2.3 DC-biased AC current injection test

The application of the sinusoidal current injection test assumes that iron losses
can be neglected in the estimation of inductances. The results obtained with this
assumption would be comparable with the square wave current injection test because
the latest considers that iron losses cannot be neglected. Therefore, a test to eval-
uate how the frequency of an injected sinusoidal signal can affect the estimation of
inductances is done.

To prove how the an injected current can affect the obtained flux curves due to
the presence of hysteresis loops, a dc-biased ac current injection for self-axis char-
acterisation is applied. This, as proposed in [4,27], deals with the injection in one

axis of a dc current with a superimposed small signal with reduced amplitude. The
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dc-current fixes an operation point on the flux curve, while the ac-current allows to
define the trend of the flux in the vicinity of the operating point. The variation of the
ac represents the slope of the flux in the given point, in other words, the incremental
inductance. The frequency of the ac-current is increased to explore how the iron losses
affect the estimation of the incremental inductances. In addition, the same reference
current set for the sinusoidal current injection test is applied, thus generating a flux
curve useful to make the comparison between its slope in the operating point at high

frequency and the one given during the sinusoidal injection test.

Fig. 4.31(a) shows the results for a de-biased ac current reference with a frequency
of 200 Hz, while Fig. 4.31(b) presents the results with an ac current at 400 Hz. In
both cases, the dc current was set as 2 A and the amplitude of the ac-current as 1 A.
The Fig. 4.31(a) shows how slope of the flux curve can be considered equal to the one
got from sinusoidal injection test. Fig. 4.31(b) shows how only a frequency of 400
Hz causes a deviation in the flux slope and inaccuracies in the inductance estimation.
However, this variation is negligible at low frequencies such as the one applied while
it deviates more at higher frequency, and the assumption on neglecting the iron losses

for the sinusoidal current injection test is acceptable.
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Figure 4.31. Flux curves for dc-biased ac current injection with ac frequency of (a)
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4.2.4 Evaluation of the accuracy of the obtained parameters

The accuracy of the apparent and incremental inductances obtained from sinu-
soidal and square wave current injection tests were evaluated and compared with
inductances previously stored in LUTs for the KSB motor. The evaluation process
evidences how the values in the inductances affect the performance of the SynRM
drive using PCC. This analysis is based on the response of the current prediction er-
rors and the THD of the line currents. The prediction errors are higher if inductance
values are less accurate and vice-versa. Moreover THD tends to be smaller when
parameters with high accuracy are used.

The test consists in running the SynRM in torque control mode at a certain
operating point, with a constant speed imposed by the auxiliary IM drive running in
speed control mode. A RFOC strategy controls the auxiliary drive while the PCC is
used in the SynRM with the apparent and incremental inductances from the LUTSs
previously estimated. Different operating points are tested, defined by a reference
speed in the IM drive and a reference torque in the SynRM drive. The prediction
error and the THD are determined for each operating point and the overall test
is repeated for the inductances obtained from sinusoidal and square wave current
injection tests.

The calculation of the current prediction error is done by the comparison between
the predicted currents at instant k, for instant k+1 (iq(k + 1),i,(k + 1)) and the
measured currents at instant at instant k+1 (iq(k+1),7,(k+1)). This is done during
the test by applying a unit delay block in the estimated current and subtracting
it from the measured current. The difference between the predicted and measured

variables is defined as the current prediction error.

Current and torque references values for MTPA

Prior to the use of the PCC strategy with the obtained inductances, a matrix
containing the reference values for i4 i, and torque is required to provide a Maximum

Torque per Ampere (MTPA) trajectory to the controller. This allows the system
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to minimise the stator copper losses for a given load condition by defining specific

reference values for d- and ¢-current components.

To determine the values corresponding to the MTPA trajectory, the algorithm
proposed in [34] is adopted here and represented by the flowchart in Fig. 4.32. The
algorithm is executed prior the controller execution, and the resulting data is stored

in a reference look-up table.

The initial stator current i ;nitiq i set as zero while the maximum stator current
s maz 18 defined from the nameplate current as 7.9 x V2 = 11.17 ~ 11 A. The
algorithm iterates i; from zero to ismq = 11 A, increasing the current in steps of

0.1 A. For each iteration, the load angle ¢ is also varied between ¢ = 45° and a
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Figure 4.32. Flowchart for offline MTPA approach to define the reference currents iy
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maximum value @,,,, = 80°, in intervals of Ay = 0.1°. Next, within the two cascade
iterative loops, the values of i; and i, are computed using (4.3). Then, values for i,
and i, are used in (2.12) while the inductances are used from the obtained apparent
inductances. The maximum torque per value of i, is then stored along with the
correspondent values of 7; and 7,. Fig. 4.33 plots the optimal reference currents as a

function of the reference torque.

1q = 15 COS QY
(4.3)
lg = lgSin g

—ig

O 1 Il L L 1 1 Il L
0 2 4 6 8 10 12 14 16 18 20

Torque (N.m)

Figure 4.33. Reference currents and torque for MTPA operation of the KSB motor

Operation of the SynRM drive in torque control mode

Once the reference currents and torque are defined, the evaluation tests are done
following the aforementioned procedure. An initial operating point was set to evaluate
the response of the drive. The system was run at 500 rpm and the torque reference was
set as 10 N.m. Fig. 4.34 shows the obtained current waveforms using the inductance
values from the previously estimated LUTs and from the sinusoidal and square wave
current injection tests. The currents in all cases present a correct sinusoidal shape
with minimum distortion. The THD for each case is not greater than 2 % as shown

in table 4.4.
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Figure 4.34. Measured currents at using inductances from previous LUTs and sinu-

soidal and square wave current injection tests. Operating point set as 500 rpm and
10 N.m

Table 4.4: Total current harmonic distortion in the measured currents using the
previous LUTs and the obtained inductances

THDi Previous LUTs | Sinusoidal current injection test | Square wave current injection test
THD(i,) (%) 1.06 1.10 1.22
THD/(iy)(%) 1.06 1.08 1.22
THD(i.)(%) 1.10 1.18 1.31

Fig. 4.35 shows the prediction error in both 74 and 4,. In all cases this error
remains under 0.5 A, and it is more appreciable for the g-axis current. Inductances
from sinusoidal test present a slightly reduced error for ¢, prediction while those from

square wave injection have higher peaks.

Fig. 4.36 shows the estimated electromagnetic torque and reference torque. In all
cases, the controller is able to follow the reference with an acceptable torque ripple.
The torque ripple is represented in Fig. 4.37 as a percentage of peak error referred to
the average torque. In all cases, ripple remains under 20 %, but it is slightly higher

for the results with square wave current.
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Figure 4.35. Predicted current errors at 500 rpm and 10 N.m
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Figure 4.36. Estimated torque for the operation with inductances from original LUTSs
and from current injection test. Operating point set as 500 rpm and 10 N.m
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Figure 4.37. Percentage of peak error referred to average torque from original LUTs
and from current injection test. Operating point set as 500 rpm and 10 N.m
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The test is repeated for different operating points chosen with w,, = {250, 750,
1200, 1500} rpm and 7" = {1, 5, 10, 15, 18 } N.m. Prediction errors are computed for

tqg and ¢, as well as the current THD for each operating point. Fig. 4.38 shows the

prediction error in iy4 for different operating points. Prediction errors are higher at

larger values of torque, but their variation can be negligible for different speeds. Fig.

4.39 shows the prediction errors in i, for the same operation points. They present the

same behaviour as the prediction error in ¢4, but with higher values; while prediction

errors in d-axis currents are always less than 0.1 A, the errors for g-axis current are

given between 0.1 A and 0.6 A.
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Figure 4.38. Prediction error in ¢4 for the operation with inductances from original
LUTs and from current injection test.
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Fig. 4.40 illustrates the current THD for each operating point. In all cases this is

less than 8 % and presents lower values for the inductances in previous LUTs during
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rated torque operation. For reduced torque, inductances obtained from the current

injection tests show better performance.
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Figure 4.40. THD for line currents of the KSB motor at different operating points

4.3 Self-commissioning applied to a 3 kW ABB
SynRM

Fig. 4.41 shows the second tested motor. The 3 kW, 380 V ABB SynRM in the
figure is coupled to the auxiliary drive, and the same procedure applied to the first
motor is followed considering both the sinusoidal and square wave current injection
tests. This motor presents a higher nameplate voltage and thus a lower rated current
compared to the 3 kW KSB SynRM. Since it is 7.9 x v/2 = 10.04 A, the software
protection is set to disable the IGBT gate signal at instantaneous currents of 13 A.
The motor also presents a lower nameplate efficiency (85.5 %), but unchanged rated
speed (1500 rpm) and torque (19 N.m), as seen in the table 4.1. The stator resistance
is measured in the same way as for the KSB motor, obtaining 1.79 Q2 per phase.

To run the PCC it is necessary to set an estimation of the apparent and incremental
inductances prior the test, but unlike the KSB motor, in which previously estimated
inductance LUTs were available, the 3 kW ABB motor has no information about its

inductance profile. Therefore, it is initially used the same LUTSs previously calculated
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Figure 4.41. 3 kW ABB SynRM coupled to the auxiliary drive

for the KSB as a rough approximation of the required parameters. As stated before,
to follow a current reference high accuracy is not required and the produced errors

caused by the use of wrong parameters are not significant.

4.3.1 Sinusoidal current injection test

Sinusoidal current injection test follows the same procedure as the one applied to
the KSB motor, using the Simulink arrangement in Fig. 4.4. The amplitude for the
sinusoidal waveform is set as 0.8 x 7.1 x v/2 = 8 A. This value is also defined as the
limit for the dc reference current to be injected along the orthogonal axis in each d-
and g-axis test.

The storage and post-processing of the data follows the same steps as before to
obtain the estimated flux linkage and the measured currents: five sample cycles are
chosen from the flux and currents and averaged to get one single cycle. Then, flux
curves are represented by polynomials using the Matlab polyfit on the averaged flux
curve. This process is done for both, d- and g-axes. The process is repeated for
four values of de-current (0 A, 3 A, 6 A and 8 A), thus obtaining four different flux

curves. Fig. 4.42 shows the estimated data, the average flux curve, and the resulting
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polynomial fit for both axis, at cross-axis current of 0 A and 8 A.
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Figure 4.42. Polynomial fitting applied to flux averaged curve of the 3 kW ABB
motor

The order of the polynomial which represents the flux curves is chosen empirically,
based on the best fitting to the obtained data and the lowest order possible to reduce
complexity. In case of d-axis flux curve, a polynomial order 7 was chosen, same as for
the KSB motor. On the other hand, the polynomial order for g-axis flux curves were

chosen as 5. The obtained polynomials are represented in the tables 4.5 and 4.6.
(4.4)

)\q(iq) = Tl’ig + T2i3 -|- -|- T5’iq + Te

Table 4.5: Polynomial coefficients for A4(i4) representation in 3 kW ABB motor

h D2 b3 Pa Ps Ds b7 Ps
1g = 0 | -2.462E-07 | 8.198E-06 | -1.061E-04 | 7.871E-04 | -3.938E-03 | -2.325E-03 | 2.517E-01 | 6.146E-04
ig = 2 | -1.856E-07 | 7.953E-06 | -1.212E-04 | 9.528E-04 | -4.387E-03 | -2.288E-03 | 2.487E-01 | -1.226E-03
ig =4 | -6.532E-07 | 1.884E-05 | -2.131E-04 | 1.284E-03 | -4.893E-03 | -9.461E-04 | 2.410E-01 | 9.850E-04
ig = 6 | -2.331E-06 | 6.454E-05 | -6.945E-04 | 3.715E-03 | -1.076E-02 | 5.004E-03 | 2.363E-01 | 2.821E-03
ig = 8 | -9.774E-07 | 2.671E-05 | -2.824E-04 | 1.540E-03 | -5.291E-03 | 5.275E-04 | 2.312E-01 | 4.433E-03
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Table 4.6: Polynomial coefficients for A,(i,) representation in 3 kW ABB motor

T1 T2 T3 T4 s T6
ig =0 | 6.234E-05 | -1.524E-03 | 1.398E-02 | -5.972E-02 | 1.429E-01 | 5.155E-03
ig =2 | 3.153E-05 | -8.206E-04 | 8.128E-03 | -3.850E-02 | 1.138E-01 | 1.872E-03
ig=4 | 3.212E-06 | -1.396E-04 | 2.048E-03 | -1.405E-02 | 7.417E-02 | -4.977E-05
iqg =06 | -1.397E-06 | -1.535E-05 | 7.307E-04 | -7.274E-03 | 5.849E-02 | -1.333E-03
iqg =8 | -7.842E-06 | 1.421E-04 | -6.997TE-04 | -1.426E-03 | 4.742E-02 | -8.528E-04

Flux maps are plotted from the obtained flux curves in Fig. 4.43. Flux surfaces
follow the same pattern as the maps obtained for the KSB motor in the previous
section. The increase in the cross-axis dc current causes a saturation in the self-axis
at lower currents due to the core saturation in presence of both orthogonal currents.
The effect of the cross-axis current is higher for the g-axis flux distribution because
the ¢-axis is aligned to the path with airgap barriers in the rotor of the SynRM and

the reduced amount of ferromagnetic material is saturated faster.

id (A)

Figure 4.43. Flux maps and estimated flux at different cross-axis currents of the 3
kW ABB SynRM.

The flux surfaces represented by polynomials are processed following the same

process as for the KSB motor. This results in the apparent inductances, shown in
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Fig. 4.44. The inductance profile for the d-axis inductances is higher than the one
presented for the KSB motor. The slope also decreases at lower rate when current
increases, being not less than 0.14 H at rated current. For the g¢-axis inductance
a similar pattern is observed with respect to the KSB motor, with an initial value
around 0.1 H tending to constant value at maximum current. The self-incremental
inductances in d- and ¢-axis are plotted in Fig. 4.45. Unlike the self-incremental
inductances in the KSB motor, these present less oscillations around the maximum

currents.
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Figure 4.44. Apparent inductances for the 3 kW ABB SynRM.

Cross-incremental inductances are presented in Fig. 4.46. These surfaces represent
how the slope of the flux curves changes with respect to the cross-axis current. The
value of [,q represents the change in the flux linkage in g¢-axis with respect to the
d-axis current, while /4, is the change of flux in d-axis with respect to g¢-axis. In
both cases the values are negative since the cross-magnetisation causes a decrease in
the flux curves values; this effect is higher or lower depending on the d- and g-axis

currents.

65



0.3 T T !

0 | 1 | | 1 | |
0 1 2 3 4 5 6 7 8

i (A)

Figure 4.45. Self-incremental inductances for the 3 kW ABB SynRM
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Figure 4.46. Cross-incremental inductances for the 3 kW ABB SynRM

Rotor position variation

Fig. 4.48 shows the rotor angle, estimated electromagnetic torque and speed
during the sinusoidal injection test at maximum cross-magnetisation current. The
electric angle presents oscillations around the initial rotor position, but these are not
larger than 2.5 electrical degrees. During the post-processing it was noticed that the

rotor position plot changed around zero degrees, thus producing values close to zero
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and 360°. To better understand this variation, the rotor angle is operated according

to the Fig. 4.47. Result presented in Fig. 4.48 corresponds to the Torque and speed

present the expected behaviour, with a pulsating periodic waveform with zero-average

value.

360

Figure 4.47. Post-processing of rotor position data to better visualise its variation

—

Electric angle (deg)
-

Electric angle (deg)

TS

L
T T

o

L
04
time (s)

L
05

L
07

. | .
03 04 05 06 07 08
time (s)

Torque (N.m)
-

M
S

Torque (N.m)

L
04
time (8)

L
05

L
07

03 04 05 08 07 08
time (8)

Speed (rpm)

Speed (rpm)

03

04
time (s)

05

d-axis test with i‘f =8A

07

. . L | .
03 04 05 06 07 08
time (s)

g-axis test with r'd =8A

Figure 4.48. Rotor position, torque and speed during sinusoidal injection test for the

3 kW ABB SynRM

4.3.2 Square wave current injection test

Square wave current injection test is applied to the 3 kW ABB motor following the

same procedure done for the KSB motor. The objective is to compare the accuracy

of the inductances of the 3 kW ABB motor obtained using square wave injection with

respect to the ones obtained by the sinusoidal current injection test. A significant

improvement in the accuracy of the parameters with the square wave injection in
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terms of prediction errors and total current harmonic distortion would mean that iron
losses cannot be neglected and their presence affect the accuracy of the results. In the
case of the KSB motor, the results did not present significant differences because the
high efficiency of the motor. In case of the 3 kW ABB SynRM, the reduced efficiency

could lead to appreciable differences.

The setup and protections for the test are kept unchanged with respect to the
sinusoidal current injection test, but the sinusoidal reference is replaced by the square
wave current reference. These waveforms are set as the ones used in the previous
square wave injection test in Fig. 4.20, with a frequency of 30 Hz but a maximum
amplitude according to the nameplate current of the motor under test, that is 0.8 x
71xvV2=8A.

The square wave current injected will produce a square-like waveform in the esti-
mated flux. Thus, the steady state values are considered to get an average value of
the flux linkage at the amplitude of the square wave current reference. These values
represent discrete points along the saturation curve. Therefore, to fulfil the range of
identification of the flux curves, the amplitudes of the square waveforms are changed.
For the d-axis test the amplitude of the reference current is set as iy = 3, 6, 7 and
8 A. The test is repeated for four values of the cross-axis current i, = 0, 3, 6, 8 A
and the flux curves at each value are plotted defined by the discrete points. Fig. 4.49
shows the polynomial fitting applied to the group of points in the d-axis test with a

cross-axis current of 0 A and 8 A.

In case of the ¢-axis test, the amplitude of the square wave currents injected in
the self-axis must be different given the different shape of the flux curve, with more
variations at low currents. This requires a reduced step in the amplitude of the
reference current at lower values. The values for the self-axis currents were i, = 1,
2, 5, 8 A. The dc-current values injected in the cross-axis remain the same as for the
ones used in the d-axis test. Fig. 4.50 shows the averaged points obtained from the

test with cross-axis currents of iy = 0 A and iy = 8 A.

The Fig. 4.50 shows that the polynomial fit was not applied to the obtained data.

Given the amount of points stored from the test, it was not possible to define a clear
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Figure 4.49. Polynomial representation of flux curves in d-axis as a function of iy at

two different cross-axis currents from the square wave current injection test.
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Figure 4.50. Averaged points of flux linkage in g-axis as a function of i, at two
different cross-axis currents from the square wave current injection test.

path, and the polyfit tool gave wrong results. This happened due to the high initial
slope of the flux, that is, at currents close to zero, a small increase in the current
produces higher increase in the flux. When current is further increased, saturation in
g-axis causes the non-linear behaviour with a change in the slope. This phenomenon
occurs at values of current less than 1 A. In order to identify the trend in that zone
of the flux curve, square wave currents with amplitude values less than 1 A must
be applied. However, as shown in Fig. 4.51, the small current would cause that
the measurements and the estimation become noise-sensitive, and high distortion is

present in the results. As a solution, the results from sinusoidal current injection test
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Figure 4.51. Measured current and estimated flux at zero cross-axis current and
self-axis square wave current with (a) 2 A amplitude and (b) 0.5 A amplitude.

can be used to define the initial part of the flux curve, as continuous data is obtained
from that test. Then, it can be concatenated to the curve obtained by the square

wave current injection test. Fig. 4.52 shows the results from the proposed approach.
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Figure 4.52. Polynomial representation of flux curves in g¢-axis as a function of i,
at two different cross-axis currents obtained with sinusoidal and square wave current
injection tests.

Fig. 4.53 shows the flux maps obtained by computing the fitted curves at different
cross-axis currents. These flux maps are obtained in the same way as the ones in the

sinusoidal current injection test.
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Figure 4.53. Flux maps obtained from the square wave current injection test for the
3 kW ABB SynRM

Apparent, self-incremental and cross-incremental inductances are obtained follow-
ing the same procedure as in previous chapters, and they are shown in the figs. 4.54,
4.55 and 4.56, respectively. The profile obtained for LF” in the square wave current
injection test presents higher initial values than the ones obtained with sinusoidal
current injection, but they present approximately the same values at the maximum
current. For the self-incremental inductance [/, its initial value is also higher than

the one given from sinusoidal current injection test, but they are lower for currents
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Figure 4.54. Apparent inductances obtained from the square wave current injection
test for the 3 kW ABB SynRM
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Figure 4.55. Self-incremental inductances obtained from the square wave current
injection test for the 3 kW ABB SynRM
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Figure 4.56. Cross-incremental inductances obtained from the square wave current
injection test for the 3 kW ABB SynRM

larger than 5 A. There is not significant difference in the inductance profile for Lg#”
and l;’w for both current injection tests, and the cross-incremental inductances follow

a similar pattern.

Variation in the rotor position

Fig. 4.57 shows the rotor angle, estimated electromagnetic torque and speed
during the square wave current injection test at maximum self- and cross-axis current

values (8 A). The rotor angle is computed following the same procedure as in Fig.
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4.47, and it presents oscillations around the initial rotor position, but these are not
larger than 2.5 electrical degrees. Torque and speed present the expected behaviour,

with a pulsating periodic waveform with zero-average value.
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Figure 4.57. Variation in the rotor position, torque and speed during the square wave
current injection test at self-axis current of 8 A and cross-axis current of 8 A.

4.3.3 Evaluation of the accuracy of the obtained inductance

profiles

The accuracy of the inductance profiles obtained by both current injection tests
is evaluated in laboratory conditions. The experimental test follows the same proce-
dure as the one applied to the KSB motor. First, reference currents for MTPA are
computed with the algorithm from Fig. 4.32. Then, the auxiliary IM drive is set in
speed control mode while the 3 kW ABB SynRM is driven in torque control mode
with a PCC strategy. The PCC is set using the apparent and incremental inductances
obtained from each current injection test and the prediction error and current THD
are obtained. A reduced prediction error and THD represents a better performance

in the predictive control and thus a higher accuracy in the parameters.
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Generation of reference currents

The algorithm from Fig. 4.32 is applied using s initiat = 0 A, s maz = 7.1 X V2 =
10.04 ~ 10 A and Ai, = 0.1 A. For the load angle ©;,itiar = 45°, ©maez = 80° and
Ap = 0.1° were used. Fig. 4.58 shows the reference i, and i, currents as a function

of the torque for the 3 kW ABB motor.
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Figure 4.58. Reference currents of the MTPA for the 3 kW ABB SynRM

Motor operation in torque control mode

Once the values of the reference currents 74 and i, are set in the PCC with the
calculated inductances, an initial operating point was set in the motor load to evaluate
the response of the drive. The system was run at 1200 rpm and a torque reference
of 18 N.m. Fig. 4.59 shows the measured currents, estimated electromagnetic torque
and prediction errors using the inductance profile from the sinusoidal and square wave
current injection tests. The currents in all cases present a correct sinusoidal shape
with minimum distortion. The THD for each case is not greater than 2.5 % as shown
in table 4.7. The prediction error in i; remains under 0.5 A for the operation with
the inductances from both current injection tests, but the error in ¢, reaches peaks up
to 0.5 A, and higher peaks around 0.7 A in the operation with inductances obtained

in square wave current injection test. However, this result is acceptable for the PCC
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operation. The estimated torque follows the reference set for the operation with both

inductance profiles with a slightly higher torque ripple based on the inductances from

square wave current injection.
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Figure 4.59. Measured line currents, estimated electromagnetic torque and prediction
errors at 18 N.m and 1200 rpm using the inductance profile obtained from (a) sinu-

soidal current injection test and (b) square wave current injection test - 3 kW ABB
SynRM

Table 4.7: Total current harmonic distortion in the measured currents using the
obtained inductances in current injection tests

THDi Sinusoidal current injection test | Square wave current injection test
THD(i,)(%) 1.86 2.27
THD(i) (%) 1.90 1.97
THD(i.)(%) 1.99 1.98

For testing different operating points, the torque reference was set as T = {1, 5,
10, 15, 18} N.m, while the auxiliary drive was driven at different speeds w,, = {250,
750, 1200} rpm. Fig. 4.60 shows the error in estimated current for d- and g-axes.
The difference in estimated d-axis current increases with the load as the case given

for the KSB motor, but it is inferior than 0.15 A for all operating point. The g-axis

5



current presents estimation errors no larger than 0.25 A. These results represent a

good match between estimated and measured currents.
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Figure 4.60. Prediction error in d- and g-axis currents— 3 kW ABB SynRM

The THD at different operating points are presented in Fig. 4.61. As before, the
distortion has larger effects for low speed low torque operation, with values up to 7

% in the lowest speed, but reaching no more than 2.5 % for higher values.
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Figure 4.61. THD of current — 3 kW ABB SynRM
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Selection of the self-commissioning method

From the obtained results, it is possible to conclude that both tests produce similar
outputs with no appreciable impact on the operating conditions and performance of
the drive system. Square wave current injection test produced slightly better results
for the KSB SynRM, however, the test itself required the injection of 48 signals
considering the different square wave amplitudes at each cross-axis current. This
causes a longer time with pulsating signals being injected into the machine, requiring
also a higher computational memory for storing all the files from test to do the post-

processing analysis.

In case of the 3 kW ABB motor, results for inductances from square wave current
injection did not produce a much better performance. Although the prediction error
was slightly reduced, the torque ripple and current THD at higher reference speed
and torque were higher. Besides, the amplitudes of square wave current references
were not enough to define the flux curve in the g-axis test, requiring additional data
taken from sinusoidal current injection test. Despite the test allows to represent the
flux curves in d-axis easily, its complexity for the ¢-axis post-processing and during

the test itself does not compensate the slight increase in the accuracy of the results.

Unlike square wave test, sinusoidal test required the injection of 8 signals, saving
memory storage space and producing a smoother response regarding vibrations and
audible noise. The accuracy in the results are comparable to the square wave current
injection test, requiring less time for the test. It was decided that sinusoidal injection
through PCC strategy is the method to apply in the remaining motor since results
are accurate enough, the test is faster and allows the machine to work under less

stress caused by the pulsating step-like currents.

7



4.4 Self-commissioning applied to a 11 kW ABB
SynRM

The 11 kW ABB SynRM is shown in Fig. 4.62. Given its larger dimensions, it
cannot be mounted in the test rig or coupled to the auxiliary drive, therefore the test

is done for a free-rotor condition.

Figure 4.62. 11 kW ABB SynRM not coupled to the auxiliary drive

The stator resistance is measured following the same procedure as in previous

sections, resulting in a resistance value per phase of 0.392 €.

4.4.1 Restrictions and limitations

According to the motor nameplate, the amplitude of the rated current is 25x /2 =
35.35 A, therefore, a current protection around that value should be included in
the test. However, the maximum current that the available protection devices and
equipment can withstand is close to 20 A, limiting the maximum injected current for
this test.

The solution here adopted is the application of sinusoidal current injection test for

self-commissioning up to the maximum allowable current value. Then, extrapolation
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can be applied following the same pattern as previous results, especially for the 3
kW ABB motor, which is from the same manufacturer. Results can be partially
validated by operating the motor in speed control mode at free-shaft condition. The
commissioning results would require an update before using the motor under full load

condition, but its operation will be guaranteed up to the tested values.

4.4.2 Sinusoidal current injection test

Sinusoidal current with a frequency of 30 Hz is set as a reference in the PCC
following the set-up in Fig. 4.4, as it was previously done for the two 3 kW motors.
The amplitude of the sinusoidal waveform applied to each axis should be chosen
around 80 % of the rated current amplitude, that is 0.8 x 25 x /2 = 28.28 A.
However, given the hardware limitations of the test, this amplitude has to be lowered
to avoid line currents over 20 A. The maximum amplitude for the reference sinusoidal
current and the cross-axis dc current is chosen as 15 A. Moreover, the inductances are
totally unknown, making the PCC to work with the inductances calculated for one of
the previous tests. This adds an extra limitation because the polynomials generated
for other motors only guarantee a stable behaviour under the current range defined
for themselves. For instance, if the inductances from the 3 kW ABB motor were used,
currents above 8 A should be avoided.

As a consequence, a preliminary test must be done. This consist on the application
of sinusoidal injection test up to the limit defined by the inductances employed.
This allows to identify an initial value for the apparent and incremental inductances,
considering a linear flux behaviour for low current operation. The PCC is then
configured with a constant value equal to the identified initial value for the apparent
and self-incremental inductances, while the cross-incremental inductances are set as
zero. Then, the sinusoidal current injection test can be done setting the sinusoidal
amplitude up to the limit restricted by the protections. If no hardware limitation were
present, it should be repeated until the applied self- and cross-axis currents would
cover the full identification range (28 A in sine amplitude and dec-current).

The initial inductances were found to be Ly” = Ij"* = 0.1 H and L = [)** = 0.05
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H. Fig. 4.63 shows the estimated flux curves using constant values for apparent and
self-incremental inductances. The test was performed with a sinusoidal amplitude of
15 A as reference current in the self-axis and dc values of {0, 5, 10, 15} A in the
cross-axis current reference. Fig. 4.63 shows the plots for sinusoidal injection tests
at cross-axis currents of 0 A and 15 A. In the case of g-axis test, this value is more
than enough to define the whole flux curve at a given cross-axis current because the
saturation occurs at very low current values, followed by an approximately constant
slope curve. For the d-axis flux curves, however, it requires a full current range to
totally identify its behaviour. To complete the curve, some virtual points are added
to give an assumed path to the Matlab polyfit tool. Fig. 4.63 illustrates also the
curves from polynomial fitting covering the identification range.
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Figure 4.63. Polynomial fitting in d-axis and ¢-axis at different dc currents for the
11 kW motor

Based on these fitting results, the equations of the flux curves are represented by
polynomials order seven, as the one presented in 4.1. Tables 4.8 and 4.9 show the
resulting coefficients.

Flux maps are plotted in Fig. 4.64 using the obtained polynomial representation
of flux curves and the Matlab tool surf. It is worth to notice that the flux surfaces
are not extrapolated with respect to the cross-axis current. For instance, in case of
Ad(ig,14), the extrapolation covered all the range until 75 = 28 A, but it only reached

the tested 7, = 15 A. This was not done because the motor is not planned to be
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Table 4.8: Coefficients for polynomial representation of A4(iq) of the 11 kW ABB
SynRM

J4! D2 Y& P4 Ps Ps p7 Ps P9

iy =0A |-7.34E-11 | 1.00E-08 | -5.38E-07 | 1.42E-05 | -1.78E-04 | 7.77E-04 | -1.48E-03 | 1.07E-01 | 9.26E-04
ig=5A | -7.08E-11 | 9.74E-09 | -5.31E-07 | 1.43E-05 | -1.88E-04 | 9.564E-04 | -2.51E-03 | 1.07E-01 | -5.50E-03
i, =10 A | -6.45E-11 | 8.85E-09 | -4.82E-07 | 1.30E-05 | -1.71E-04 | 8.54E-04 | -2.26E-03 | 1.05E-01 | -3.83E-03
i, =15 A | -4.06E-11 | 5.69E-09 | -3.15E-07 | 8.51E-06 | -1.07E-04 | 4.01E-04 | -7.56E-04 | 1.02E-01 | -4.17E-03

Table 4.9: Coefficients for polynomial representation of A,(i,) of the 11 kW ABB
SynRM

1 9 T3 T4 s Te T7 rs

iqg=0A | 5.29E-11 | -9.69E-09 | 7.00E-07 | -2.59E-05 | 5.30E-04 | -5.96E-03 | 4.33E-02 | 1.44E-02
ig=5A | 3.31E-10 | -4.36E-08 | 2.33E-06 | -6.51E-05 | 1.02E-03 | -9.05E-03 | 4.97E-02 | 6.21E-03
iq =10 A | 1.93E-10 | -2.54E-08 | 1.37E-06 | -3.93E-05 | 6.50E-04 | -6.25E-03 | 3.76E-02 | 2.36E-03
iqg =15 A | 1.33E-13 | -1.38E-09 | 1.73E-07 | -8.64E-06 | 2.18E-04 | -2.88E-03 | 2.36E-02 | 4.17E-03

driven at such levels of current given the hardware restrictions.
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Figure 4.64. Estimated Flux Maps for the 11 kW SynRM

The same procedure as in previous cases is applied: process in (3.10) and (3.11) is
done between the polynomials representing the flux curves and the self-axis currents
to find the apparent inductances, shown in Fig. 4.65. These inductance profiles follow
the expected behaviour based on those obtained with the other motors. The initial

value for L, is approximately 0.105 H, lower than the one computed in the KSB motor
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(0.18 H), and the maximum L, ~ 0.04 H, much lower than the homologous case in

the previous motors.

The polynomials are then differentiated with respect to the self-axis current to
obtain the self-incremental inductances, represented in Fig. 4.66. For g-axis, these
inductances present a similar behaviour than L, but the [*° curves have a faster
decrease until the maximum measured current, then they tend to be constant. This
happens due to the approximation chosen by adding virtual points in the polynomial
fitting process; given that is not possible to estimate the flux beyond 15 A, the values

of inductances are considered constant in the remaining range.

Cross-incremental inductances are computed within the tested current range since
their value depends on the differentiation with respect to the cross-axis current. The

obtained profiles are shown in Fig. 4.67.
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Figure 4.65. Apparent inductances for the 11 kW SynRM
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Figure 4.67. Cross-incremental inductances for the 11 kW SynRM

Fig. 4.68 shows the rotor displacement, the estimated electromagnetic torque
and the speed during the current injection test. In case of d-axis test at maximum
cross-axis dc current, the displacement was around 30 electrical degrees. This value

is higher than the ones obtained in previous test but acceptable considering that the

11 kW motor was tested in a free-shaft condition.
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Figure 4.68. Rotor position variation, estimated electromagnetic torque and speed
of the 11 kW motor during sinusoidal current injection test for (a) d-axis test with
i = 15 A and (b) ¢-axis test with ¢4 = 15 A.

4.4.3 Preliminary evaluation of the accuracy of the obtained

inductances

Accuracy evaluation of the obtained parameters is not possible by applying the
same torque control mode as in previous sections because the motor remains under
no load condition. A preliminary test is then applied to evaluate the behaviour with
the calculated inductances, at least, within the range defined during the sinusoidal
current injection test.

In this case, the SynRM drive and PCC are configured to operate in speed control
mode. Speed reference tracking and transient behaviour are evaluated under no-load
condition. Current limitations are kept as for the commissioning test, limiting the
torque-producing capacity of the motor.

As before, first step consist on the generation of reference currents. Fig. 4.69 shows
the reference currents for iy and 4, as a function of the torque, which were generated

following the same procedure in Fig. 4.32 with i initiar = 0 A, 45 mex = 25 X V2 =
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35.35 &~ 35 A and Aiy, = 0.1 A. For the load angle winitiat = 45°, Ymaz = 80° and
Ay = 0.1° were used.

30 T T T

0 | | | | | |
0 10 20 30 40 50 60 70

Torgue (N.m)

Figure 4.69. Reference currents for MTPA operation on the 11 kW ABB SynRM

Current references and obtained inductances are then set in the PCC. An initial
reference speed of 500 rpm is defined to evaluate the starting of the motor. Fig.
4.70(a) shows the results for the acceleration test to 500 rpm. It is shown how the
waveforms of the line currents present a smooth sinusoidal shape. The speed follows
the reference without overshoots and it takes around 0.2 s to reach the steady state
value. Torque, d- and g¢-axis currents are also shown in the figure, illustrating an

adequate behaviour for the acceleration.

Next, acceleration to 1000 rpm is tested. Fig. 4.70(b) shows how the currents
keep a smooth behaviour, and the speed reaches the requested value. However, torque
presents a flat behaviour when it reaches 20 N.m. This is caused by the limitation in
the currents. The same figure shows how i, follows the same patter as torque. This
means that, under no limitations, the torque produced in acceleration test tend to be

higher, causing a faster speed response.
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Figure 4.70. Results for acceleration test of the 11 kW motor at (a) 0 to 500 rpm (b)
0 to 1000 rpm

Finally, speed-reversal test was performed. The motor is run at 800 rpm with a
step reference set to -800 rpm. After steady state is reached, the reference is changed
again to 800 rpm. Fig. 4.71 shows the results. Again, the currents present a smooth
sinusoidal shape, while the torque and g-axis current increase up to a limited value
to generate the change in the speed. The measured speed reaches its steady state
value in around 0.35 s. This transient response could be faster if the motor was able

to operate under rated conditions, reaching up to its maximum torque of 70 N.m.

Although preliminary results are satisfactory, the 11 kW motor cannot be run
under more challenging conditions, since its characterisation is limited to the current
window here exposed, and the evaluation of accuracy only considered speed control in
no-load condition. Prior the operation in torque control mode, the sinusoidal current
injection test must be repeated considering the full range, and inductance profiles

must be updated in the PCC setup.
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Figure 4.71. Results for acceleration-deceleration test of the 11 kW motor (a) 800
rpm to -800 rpm (b) -800 rpm to 800 rpm
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Chapter 5

CONCLUSION AND FUTURE
WORK

5.1 Conclusion

The self-commissioning of SynRM drives was studied in this thesis work. The ma-
jor goal was the analysis of standstill identification strategies of the magnetic model
of SynRMs. Two identification techniques were adopted for the calculation of the
apparent and incremental inductances considering saturation and cross-saturation ef-
fects. The sinusoidal and square wave current injection techniques were applied to
two 3 kW SynRMs from different manufacturers with a control strategy based on pre-
dictive current control algorithm. The motors were fed by an inverter with a sequence
of sinusoidal and square wave current pulses that were first applied to the rotor d-
and g-axes separately at different dc currents on the ¢- and d-axes, respectively. The
stator flux linkages were estimated by integrating the induced voltages. Using the
current and flux samples, a polynomial representation of the flux was defined, thus
allowing to calculate apparent and incremental inductances from the polynomial func-
tion. The same procedure was applied to a 11 kW SynRM considering only sinusoidal
current injection test.

The current injection tests for the drives based on PCC required the setting of

the motor parameters, most of them taken from the nameplate data. Only stator
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resistance and inductance profile must be identified prior the test. However, if the
information about the parameters is not available, prediction errors will not be signif-
icant if a rough estimation is done, i.e., apparent and self-inductances can be assumed
as constant, but still producing a current reference tracking of the PCC system. For
the inductance profile, apparent and self-incremental inductances can be initially as-
sumed as constants while cross-incremental inductances can be neglected. In the case
of the 3 kW motors, parameters previously estimated for one of the motors were
used while constant values were assumed for the 11 kW motor given its higher rated

current.

Regarding the sinusoidal current injection test, sinusoidal reference current with
an amplitude of 80 % of the motor rated current was applied along the d-axis, with
four values of dc current applied in the ¢-axis. The same procedure was repeated with
the same sinusoidal amplitude along ¢-axis and dc currents along d-axis. This method
allowed to identify the flux curves in both d- and g-axes neglecting the effect of iron
losses. Only 8 injection tests and reasonable memory and computational resources
were used. It is worth to highlight that this technique produced a quasi-standstill
condition in the motors under test, with a rotor displacements no higher than 30
electrical degrees for the test in the 11 kW motor, whose shaft was uncoupled from

any mechanical load.

Square wave current injection tests considered the simultaneous application of
square wave currents in the self-axis and dc currents in the cross-axis. Unlike sinu-
soidal current injection test, this technique does not make any assumption over the
iron losses in the SynRMs because the constant-like interval of the square wave cur-
rent produces a steady-state condition along the inductance in the equivalent circuit
of Fig. 2.3. This allowed to compute the flux linkage in an operating point given
by the amplitude of the square waveform. Thus, the reference current must be set
at different amplitudes, each of them representing a discrete point of the flux curve,
which is reconstructed by joining the points. As for the sinusoidal current injection
technique, flux curves are represented by polynomials, and apparent and incremental

inductances were computed from the resulting polynomial. To improve the curve fit-
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ting, it is important to consider a proper interval between the points, i.e. between the
values of the amplitude of the square wave currents; a narrower step would improve
the fit and accuracy in inductance calculation, but it would require to perform more
tests injecting current, thus increasing the stress in the motor caused by pulsating
currents (and torque). In the case of the two motor tested in this thesis, the steps
were chosen depending on the axis under identification: for the d-axis test, a nar-
rower interval was considered for high values of current (more than 50 % of maximum
current) due to the nonlinear behaviour of the curve at those values, while only a
couple of points were enough to define the flux curve at low currents because it can
be approximate to a linear function. For the ¢-axis test, conversely, flux curve could
be assumed as linear at high currents, while it presented a change in the slope at low
currents, requiring a narrower step. The process for obtaining the g-axis flux curves
presented a challenge in the 3 kW ABB SynRM because the discrete points at low
currents were not close enough to define a path for the polynomial fitting tool. Since
the use of lower currents would make the estimation noise sensitive, the information
from the sinusoidal current injection test was taken to fulfil the identification range

at those currents.

The accuracy of the obtained inductances for the 3 kW motors was evaluated
experimentally in a test rig, running the SynRM drives in torque control mode by
the PCC strategy. The performance of the drives set with the parameters from the
two self-commissioning strategies were compared based on the prediction error of the
currents and the THD of the line currents. It was found that the inductances obtained
from the square wave current injection test did not produce more accurate results,
i.e., the results were not considerably different with both inductance profiles, but the
test and post-processing were more challenging using square waveforms. The latest
required up to 48 injection tests, increasing the memory, computational resources
and time the motors withstood pulsating currents and torque. Therefore, sinusoidal
current injection test was chosen as the most convenient technique for inductance

calculation with a good accuracy for predictive control based SynRM drives.
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5.2 Future work

The scope for future work to build upon the present work is listed as follows:

e The concept of self-commissioning is intended to accurate identify the parame-
ters of the machine connected to it without any user intervention or additional
equipment. However, during the current injection tests in this thesis the am-
plitudes of the sinusoidal and square wave references as well as the values of
the reference cross-axis dc currents were manually set by the user through Con-
trolDesk plattform. In the interest of self-commissioning, an algorithm to inject
automatically the current references during the current injection tests can be
developed. This would allow to identify the flux curves based on the required
cycles with a minimum amount of flux and current samples, thus reducing the
the time of the test, the time the pulsating currents are injected in the motor

and the required memory capacity to store the generated files.

e The number of dec-bias injected currents on the cross-axis was chosen by a trial
and error process. An automatic process to determine this number could reduce
the time of the test and the time dc current is injected along the motor windings

without affecting the accuracy of the test.

e One of the features of self-commissioning of electric drives is the possibility to
perform the parameter identification at standstill. The injection of dc¢ current
prior the test to align the rotor along the d-axis to define a zero-position goes
against this concept. An algorithm to identify the initial rotor position can be

developed to avoid the need of injecting this current prior the tests.

5.3 Quality report

Thesis development at the Instituto de Telecomunicacoes - Universidade de Coim-

bra was of a high academic, technical and personal development value. The study of
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SynRMs and applied control strategies is on the state-of-the-art of electric drives for
applications of high interest such as hybrid and electric vehicles.

The study of the self-commissioning of SynRM drives was possible thanks to a
complete set of laboratory equipment and the academic support provided in terms of
guidance from the thesis supervisor and the members of the research group. The most
remarkable experience was the possibility to work beyond the simulations, under-
standing and solving practical issues which are not possible to cover during academic
lectures.

I would recommend to both sides of agreement to continue this partnership along
with the same organisation in terms of academic, administrative or technical issues.
This experience would be highly beneficial not only for the enhancement of research

topics, but also for the professional development of master students.
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