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ABSTRACT

This thesis is focused on the carrier signa injection based sensorless control of
Permanent Magnet (PM) Brushless AC (BLAC) machines.

Based on the machine saliency property, carrier signal injection based sensorless
techniques have been well developed in the past decade. In order to provide the insight
into machine saliency information, a simplified experimental procedure is presented to
obtain the machine saliency distribution in the dg plane, including magnetic saturation
and cross-saturation effects. Based on the measured machine saliency information,
Sensorless Safety Operation Area (SSOA), which accounts for quantization errorsin the
Anaog to Digital (AD) conversion, is proposed to investigate the effectiveness of
sensorless operation for practical applications. The SSOA defines a working area in dqg
plane, in which the machine can work in sensorless mode with guaranteed steady state
performance for either pulsating or rotating carrier signal injection based methods.

The non-ideal characteristics of machines and drives introduce additional carrier
current disturbances in carrier signal injection based sensorless control, which
eventually results in the deterioration of the position estimation accuracy, the
degradation of dynamic performance and even stability problems. This thesis
investigates the influence of inverter nonlinearity effects on rotating carrier signal
injection based methods. With the aid of theoretical analysis and experimental
measurement, it is proven that the positive sequence carrier current distortion resulting
from inverter nonlinearity effects can be used to compensate the influence of inverter
nonlinearity on negative sequence carrier current. Hence, a new online
post-compensation scheme is developed in this thesis by utilizing the measured
distortion of positive sequence carrier current.

In sensorless control, great efforts are required to compensate for nonlinear effects
in order to improve the accuracy of the estimated position information. Alternatively,
the optimal efficiency of machines, instead of accurate position estimation, can be taken
as the sensorless operation objective. In this way, the sensorless operation performance
Is improved by the proposed online optimal efficiency tracking without any
compensation for nonlinear effects.

In addition, a robust magnetic polarity identification scheme is developed in this
thesis based on d-axis magnetic saturation effect. The proposed scheme can be
seamlessly integrated into conventional carrier signal injection based sensorless control
algorithm.
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CHAPTER 1
SENSORLESS CONTROL OF PERMANENT MAGNET
BRUSHLESSAC MACHINES

1.1 Introduction

In the last severa decades, the development of permanent magnet (PM) materials,
power electronic devices and microprocessors has made a great contribution to the
emergence of brushless PM synchronous machines, which have the advantages of high
efficiency, high power density, easy maintenance and excellent control performance.

Brushless PM synchronous machines are characterized by having afield produced by
the permanent magnet on the rotor. Fig. 1.1 illustrates the typical rotor structures for
conventional inner rotor radial field brushless PM machines [L109a]. Unlike the iron with
high magnetic permeability, the rare earth PM materials have lower permeability, which
is close to the value of air gap. As a consequence, there is negligible geometrical saliency
for the surface mounted rotor configuration, whereas, the other three rotor configurations

exhibit significant saliency effect resulting from geometrical anisotropy.

(a) Surface mounted (b) Inset (c) Interior radically (d) Interior circumferentially

[ permanent magnet 1 iron 1 air or non-magnetic materials

Fig. 1.1 Typical rotor structures of brushless PM synchronous machines [LI09a].

According to the type of fundamental excitation, brushless PM synchronous
machines can be categorized as brushless DC (BLDC) machines driven by square wave

current excitation, and brushless AC (BLAC) machines driven by sinusoidal current



excitation, as shown in Fig. 1.2. BLDC machines are usually used in relatively low cost
applications, where only discrete rotor position information with low resolution is
required. Whereas, BLAC machines are excited by a sinusoidal phase current,
synchronizing with the permanent magnet flux, thus continuous rotor position
information with high resolution is required. Therefore, the rotor position information isa

critical concern for both BLDC and BLAC machines.

(a) BLDC (b) BLAC
Fig. 1.2 Excitation of BLDC and BLAC machines.

However, the physical position sensor presents several disadvantages, including
increased size, reduced reliability, sensitivity to noise, additional cost and increased
complexity of the whole system. To overcome these drawbacks, there has been
considerable interest in on-line rotor position estimation, rather than direct measurement
using a physical position sensor. This kind of technique is normally referred to as
sensorless, self-sensing or encoderless control. In this thesis, the term of sensorless is
employed and only sensorless current vector control (CVC) for PM BLAC machines is
considered.

Sensorless CVC for BLAC machines can be broadly classified as. fundamental
model based methods and machine saliency based methods, as shown in Fig. 1.3.
Algorithms that rely on the fundamental model have the advantages of simplicity and
straightforwardness. Most critical conditions exist at low speed and standstill operation,
where the signal to noise ratio (SNR) of position dependent signal is too weak to
effectively extract position information. Such limitations, however, can be overcome with

machine saliency based sensorless methods. Since machine saliency property is



independent on the rotor speed, and the rotor position information can be effectively

estimated at low speed and even standstill condition.

Sensorless control of
PM BLAC machines

Fundamental model

Back EMF

Flux linkage

Adaptive observer

Current prediction

PWM excitation

Without additional
injection

2nd PWM harmonic

Transient voltage
vector injection Arbitrary injection

Rotating injection

Saliency based P?rSISte.m. carrier Pulsating injection
signal injection b

Fig. 1.3 Categories of sensorless control for PM BLAC machines.

J

D-axis injection

Q-axis injection

I

Alternatively, direct torque control (DTC), which exhibits better dynamic
performance than conventional CVC, is claimed to be inherently sensorless. However,
the position information is also required at standstill and very low speed operation, since
in that case, the stator flux linkage is estimated from a current model rather than voltage
model [ANDO8]. Although more computation efforts are required compared with DTC,
predictive torque control (PTC) has become attractive recently for its faster dynamic
torque response and lower torque ripple than DTC [KEN10] [ROD11]. Without any
additional injection, saliency based sensorless PTC is developed in [LAN10].

1.2 Fundamental Model Based M ethods

The basic idea of fundamental model based sensorless methods is to estimate back
electromotive force (EMF) or flux linkage according to fundamental model, in which the
rotor position information is contained. Position estimation can be performed through

open loop calculation or close loop observer. Additionaly, the adaptive observers



including the extended Kalman filter (EKF) and model reference adaptive system
(MRAYS) provide other options to estimate the rotor position directly from machine
fundamental model. Fundamental model based methods work well at middle and high
speed ranges, whereas this kind of methods tend to fail at low speed and standstill
operations due to unobserved machine model in that case. Therefore, specific starting up

techniques should be employed for wide speed range operation.

1.2.1 Back-EMF based methods

The fundamental mathematical model of PM BLAC machines in the synchronous

reference frame can be expressed as,

&/ _ eRs Ouedu du ey u

S 8o RIS o
where p denotes the differential operator, Rs is the phase winding resistance, o, indicates
the rotor angular speed, and ¥y, ¥, represent the d- and g-axis flux linkages respectively.
Assuming ideal sinusoidal flux distribution without saturation and cross-saturation effects,

the above equation can be re-written as,

a0 R +L,p -wl, gedu é 0 |
WrLd R5+Lptﬁqu SNrme

where Ly and L4 are the d- and g-axis inductances, and yn is the flux linkage due to PM.

(1. 2)

For non-salient PM BLAC machines, i.e., Lq=Lq=L, it can be seen that the matrix in
(1.2) becomes symmetric. For a symmetric matrix, it could keep the identical form after
the rotating transformation, i.e.,

éa - bu_écos(Dg) - sin(Dg)uéa - biécos(Dg) sin(Dg)u
20 U= e ug) e g &3
ay esin(Dg) cos(Dg) peb  a & sin(Dg) cos(Da)g

In sensorless control, the real rotor position information is unknown. Using rotating
transformation, the fundamental model for a non-saient PM BLAC machines in

estimated synchronous reference frame is derived as [SHA98][CHEQQ],

églu_éR +Lp -wlL (65U é sin(Da)u

eue

ee atwy . (1. 4)
&g é wl R+ LpHQqU eCOS(Dq) u



where wyn is referred to as conventional back-EMF. The above equation shows that, for
non-salient machines, only the back-EMF contains rotor position information even with
position estimation error. However, for salient machines, the conventional back-EMF
term would not completely contain the position information due to asymmetric matrix in
1.2).

Referring to the mathematical model for non-salient machine, the mathematical

model of salient machines (1.2) can be re-written as,

&/ u R +L,p  -wlL, uedu eOu

u=é at (1.5)
quu & Wl R5+Ld|0u all SE

where E is designated as extended back-EMF [CHEOO] [MORO02] [CHEOQ3], defined by
E,=wy ,+w (L, - Lq)ie| +(Lq - Ld)piq (1. 6)

In this way, the rotor position information is expected to be fully contained in the
extended back-EMF regardless of salient or non-salient machines. Therefore, it is a
genera form for PM BLAC machines. The extended back-EMF consists of conventional
back-EMF generated by the permanent magnets, and the voltage terms related with
machine saliency as well. For non-salient machines, the extended back-EMF would be
reduced to conventional back-EMF. Furthermore, by accounting for cross-saturation
effect between d- and g-axis, the extended back-EMF isimproved in [L107].

Extended back-EMF gains a distinct improvement over conventional back-EMF, the
derivation process implies that speed estimation error under sensorless operation is
assumed to be zero at al times. During transients, however, this assumption is not valid,
thus the sensorless dynamic performance based on extended back-EMF would be
degraded. To overcome this limitation, the concept of equivalent back-EMF is introduced
in[L1U11], which is equivalent to the active flux, as will be discussed later.

It is difficult to directly measure the back-EMF of PM BLAC machines, since
rapidly changing current exist in the machine windings al the time. According to the
voltage equation, the back-EMF can be calculated directly from measured voltage and
current in the stationary reference frame [NAI92][HOQ94][LI07]. However, any
uncertainty of machine parameters will cause trouble to the rotor position estimation,

which is the major problem of this kind of open-loop calculation method. Instead, the



genera trend of back-EMF estimation has been concentrated on close-loop observer
[MORO2] [CHEO3] [CHI09].

Based on the linear control theory, a disturbance observer is used to estimate the
extended back-EMF, as shown in Fig. 1.4 [CHEQ3]. The stability of disturbance observer
can be easily guaranteed since it is based on a linear model of the machine. Meanwhile,
dliding mode controller, as shown in Fig. 1.5, is an attractive choice to determine the
back-EMF due to improved system robustness, immunity to parameter variations and

disturbance rgjection [CHIQ9].

RI+pLyl+®re(La-Lg )]

[P ——¢

Fig. 1.4 Disturbance observer for extended back-EMF estimation [CHEO3].
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& = ] —~

’ Current [ Z I Z eq Flux Angle + 9],

» Lstimator pr.+1 Calculator

" | _

Theta
Compensation

Fig. 1.5 Sliding mode controller for back-EMF estimation [CHIQ9]

For PM BLAC machines exhibiting a third harmonic in the phase back-EMF,
discrete rotor position information can be extracted from the zero crossings of the
measured third harmonic of back-EMF [MOR96] [SHEO4], and then continuous rotor
position information can be constructed from a phase-lock-loop (PLL) or the integration

of estimated machine speed. Although third harmonic based sensorless method was



successfully implemented in flux weakening control for both PM BLDC and BLAC
machines, it only applies to machines with sufficient third harmonic in back-EMF.
Furthermore, the neutral point of the stator windings should be available for the

measurement of the third harmonics, resulting in additional hardware complexity.

1.2.2 Flux-linkage based methods

Stator flux-linkage estimation is an important topic for DTC, and aso it is a viable
candidate for sensorless position estimation, since position information is contained in its
phase angle. Stator flux is difficult to be measured directly, hence stator flux estimation
methods should be developed.

The fundamental idea to calculate flux linkage is very simple. In stationary reference
frame, the stator flux linkage can be calculated from stator voltage and current vectors,
given by,

Y ap = Uy = Ry )t (1.7)

Although the open loop calculation from (1.7) is very straightforward, some practical
issues have to be considered, such as stator resistance variations, integration drift and low
SNR signal at low speed operation.

To solve the problems, close loop methods become more attractive for stator flux
estimation [HU98] [ANDO8] [YOO09a] [BOL09] [FOO10]. Combining the voltage
model estimator with current model estimator, a hybrid flux observer could estimate the
stator flux in a wide speed range, as shown in Fig. 1.6. The transfer function for the

combined flux observer in the stationary reference frame can be derived as[Y OO09a],

s 2XW,_ S +W?

Ys= ¥t
TS HEXwWsHW T Y S+ 2w s+W

(1. 8)

s

where s is estimated stator flux linkage through the combined model, while w5, and
are the estimated stator flux linkages through voltage model and current model,
respectively. The voltage model is dominant at high speed, while the current model
dominant at low speed. A smooth transition between them can be automatically achieved
through PI compensator configuration. Another advantage of the combined flux observer

is that the integration drift problem of the voltage model can be completely compensated



by using a PI compensator, due to high pass filter behavior on ys, as shown in (1.8). It
should be noted that the rotor position information is required for the current model at
low speed and standstill. With the integration of saliency based sensorless techniques, the
combined flux observer exhibits good performance over wide speed range sensorless

operation [SIL06] [ANDOS].
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Fig. 1.6 Combined flux observer [YOO09a].

Due to armature reaction, the estimated stator flux would deviate from the permanent
magnet flux, which leads to position estimation error from estimated stator flux. In
[BOLO08], a more general concept of active flux is proposed to unify al salient machines
into fictitious non-salient machines, so that sensorless position estimation becomes

simpler. The active flux is expressed as,

Ya=Ymt(ba- Lia =y - L (1.9)
With introduced active flux, the voltage equation for salient PM BLAC machines can be
rewritten as,

V, =Rig+(s+ jw, )L  +(s+jw, )y § (1.10)
In this way, the salient pole rotor machine has been transformed to a non-salient case.

For explicit explanation about this concept, the phase diagram of active flux for

salient PM BLAC machines is depicted in Fig. 1.7. It clearly reveals that the active flux

position is identical to the rotor position, leading to great simplification in sensorless

position estimation.



y g =y m+(Ld - Lq)id

Fig. 1.7 Active flux of salient PM BLAC machines [BOLO08].

1.2.3 Adaptive observer based methods

Based on the fundamental model of PM BLAC machines, adaptive observers, such
as extended Kalman filter (EKF) [BOL99] and model reference adaptive system (MRAYS)
[PI108] [GAD10], become more and more attractive for rotor position estimation due to
their robustness, quick convergence and immunity to machine parameter variation.

The Kalman filter is an optimal state observation based on least-square variance
estimation for linear system with Gaussian white noise in the measurements and system
states. The extended Kalman filter is an extension application of Kalman filter in a
nonlinear system. It islessinfluenced by measured noise, and parameter inaccuracy is not
as critical as in conventional fundamental estimation methods. However, a heavy
computation burden makes an EKF based algorithm difficult in practical implementation
for machine drives applications. To solve this problem, a reduced order EKF is presented
with the assumption that some system states are free of noise. In [FUELl], the EKF
technique is combined with PTC, which yields effective torque and speed control.

The MRAS scheme provides another option for sensorless position estimation [PI108]
[GAD10]. The diagram of MRAS is shown in Fig. 1.8, in which the reference model
represents the real machine, while the adjustable model is a fictitious machine based on
the fundamental mathematical model. With the same excitation, the difference between
the responses from two models yields an estimation error ¢, which is input to the

correction controller. Using the correction controller, the adaptive model is adjusted so as



to minimize the estimation error ¢. In steady state, ¢ is very small, which implies that the
behavior of the adaptive model is the same as that of the actual machine, hence machine
states including position information can be accessed from the adaptive mathematical
model. With regard to the correction controller, it can be realized by the conventional Pl

or nonlinear controller involving sliding mode and fuzzy logic controller [GAD10].

f e _
Reference Model 9 > > Correction
Controller
Adjustable Model g
\

Fig. 1.8 Block diagram of MRAS.

The MRAS technique is widely employed in sensorless control due to its simple
concept and low computational overhead. In conventional vector control, the output
voltage of the d-axis current regulator can be considered as the estimation error signd e,
with Pl type correction control, a simplified MRAS based sensorless vector control
scheme is presented in [MAT96] [BAEQO3], as illustrated in Fig. 1.9. In which, the feed
forward voltage term of Vgs g is calculated from machine model, hence it can be
considered as the output from adaptive model; while the d-axis voltage command V g is
the real voltage applied to machine, thus it can be considered as the output from reference

model.

Speed
Controller

BLAC

=

6.| sensorless
| estimation
I

i
I
I
I
I
|
I
[}
i
A )

Fig. 1.9 MRAS based sensorless vector control [BAEO3].
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1.3 Saliency Based Methods

Alternatively, the anisotropic property of PM BLAC machines, resulting from either
geometric rotor saliency, or magnetic saliency, can be exploited for sensorless position
estimation. Since the machine saliency behavior is independent on the speed, the saliency
based sensorless methods are expected to be reliable in the low speed range, even
standstill, whereas the model based sensorless methods would fail due to lack of useful
signa. In other words, the idea behind saliency based sensorless estimation can be
explained that the machine winding inductance being a function of the rotor position due
to saliency, and then the rotor position can be deduced from the inductance variation.

Fig. 1.10 illustrates the measured inductance variation according to electrical rotor
position for salient PM BLAC machines [KAN1Q]. In the cross section view of the
machine, the shaded rotor areais characterized by high permeability, while the white area
between rotor and stator indicates the relative air gap, where the permeability is assumed
to be low. It confirms that the machine inductance is modulated by the position
dependent spatial saliency, however, the variation of inductance with rotor position
undergoes two cycles per single electrical cycle, leading to an ambiguity of = in saliency

based position estimation.

Terminal Inductance
(Lmotor)

Fig. 1.10 Inductance variation according to electrical rotor position [KAN10].
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In order to reveal the position information from machine saliency property, specific
high frequency signal injection is necessary to evoke related position dependent response.
According to the type of injected signal, the saliency based sensorless techniques can be
classified into three magjor groups. persistent carrier signal injection, transient voltage

vector injection and inherent PWM excitation without additionally injection.
1.3.1 Persistent carrier signal injection

In persistent carrier signa injection methods, a high frequency carrier signa is
continuously superimposed on the fundamental excitation. The injected carrier signal
interacts with the machine spatial saliency and produces rotor position dependent carrier
signal response. A tracking observer can then be used to continuously extract the rotor
position from the position-dependent carrier signal response.

According to the type of injected carrier signal, persistent carrier signal injection
consists of arotating sinusoidal signal injection [JAN95] [DEG98] [RAC10], a pulsating
sinusoidal [COR98] [LINO2] [JANO3] [L109b], a square wave signal injection [ Y OO09b]
[HAM10Q], or arbitrary injection [PAU11].

Rotating signal injection schemes inject a balanced three phase voltage or current
carrier signa (normally a voltage) in the stationary reference frame to form a rotating
excitation superimposed on the fundamental excitation. The rotor position information
can be deduced from the phase modulated response. For the pulsating signal injection
methods, a high frequency fluctuating carrier signal (normally a voltage) is injected on
the d- or g-axis in the estimated synchronous reference frame, which can be regarded as
the superposition of two rotating carrier vectors with opposite rotating direction. Position
is estimated through minimization of the amplitude modulated carrier frequency response
signal measured along the axis orthogonal to the injection axis.

Rotating and pulsating sinusoidal carrier signal injection based sensorless methods
have been well developed in the past decade, and a so they are the emphasis of thisthesis.
Although they have simple physical principles and lower implementation cost, the limited

dynamic bandwidth of system due to signal demodulation process is the major drawback.
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To solve this problem, square wave signa is injected in the estimated d-axis
[Y O009b], which eliminates the requirement of low pass filters for signal demodulation,
hence sensorless dynamic performance is claimed to be remarkably enhanced with this
method. In [HAM10], an effective solution with integration of pulsating square wave
injection and current control loop is proposed for sensorless control of low salient surface
mounted PM BLAC machines. Without use of filters, the synchronization between PWM,
current control, carrier injection and demodulation provides a precise separation between
the fundamental and carrier current component even under transient conditions. The
proposed method alows the carrier current sampling in its maximum without any
disturbance from current regulator, it is therefore very suitable for sensorless control of
machines with small saliency.

The information of injected carrier signal is very important for foregoing methods,
i.e., theinjected carrier signal should be predefined or measured using associated sensors.
Instead, an arbitrary injection with half PWM frequency square wave is presented in
[PAUL1]. It relies on the presence of current derivative, rather than the certain shape of
injected signal. The current progression can be predicted using an isotropic machine
model, meanwhile, it can also be calculated from two consecutive current measurement.
From the difference between them, the saliency position information can be directly
extracted. The major advantages of this scheme are higher dynamic bandwidth, and the

independence of machine parameters.

1.3.2 Transient voltage vector injection

Different from the carrier signal injection based saliency tracking, the saliency
position information can also be obtained through current transient response when an
impulse voltage vector is applied to a salient machine. Essentially, the induced current
transient response is connected with the stator inductance, which is modulated by the
rotor position. Therefore, it is possible to extract the position information from the
measurement of current derivative (di/dt) in response to the transient voltage vector.

The Indirect Flux Detection by On-line Reactance Measurement (INFORM) method
[SCH96] [ROB04] is a typical transient injection based technique. Additional impulse
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voltage vectors are superimposed during zero vector dwelling for standard PWM.
Meanwhile, the current derivative is measured synchronized to the test voltage vectors.
For a standard two level voltage source inverter, the basic voltage vectors generated
by the inverter are depicted in Fig. 1.11, where u;~Us are active vectors, while up and u;
are zero vectors. The six active vectors can be grouped into three pairs, i.e., (Ui, Us), (Uy,
Us), (Us, Ue), the two vectors in the same group have identical amplitude and opposite

direction, asshownin Fig. 1.11.

u; (0,1, 0) u; (1,1, 0)

uy (11 0, 0)

Uy (0’ 0’ 0)
uy (1’ 1’ 1)

Us (0, 0, 1) Ug (19 07 1)

Fig. 1.11 Voltage space vectors.

In order to minimize the negative effect of additional impulse voltage vectors, the
standard INFORM method applies three pairs of voltage vectors (uy, ug), (U2, Us), (U3, Ug)
in sequence to the machine during zero vector period on three successive PWM cycles, as
shown in Fig. 1.12. Based on the measured current derivative (S1~Se), a position

dependent position vector p can be constructed as,

P@,) = f (S Si2s Siar S Sisv Sie) (1.11)

From the position vector, the saliency position information can be extracted using proper

position observer.
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Fig. 1.12 Transient voltage vector injection for INFORM method.

A

Due to a minimum duration being required for the transient impulse vectors, it is
difficult to obtain al di/dt sampling for position vector construction in one PWM cycle.
Hence, three sets of test signals, each of which consisting of a pair of opposite voltage
vectors, are applied on successive three PWM cycles. As aresult, the position estimation
would take three PWM cycles.

The major problem for the standard INFORM method is the introduced current
disturbance due to addition transient voltage vectors. Furthermore, the rotor position is
assumed to be constant during the successive three PWM cycles, which is reasonable for
standstill and low speed operation. However, the position change could not be neglected
at higher speed. To solve these problems, a compensation mechanism using double
transient injection is proposed in [ROBO04]. Experimental results on industrial drives
verify the performance improvement with modified INFORM method.

On the other hand, with additional transient voltage vectors applied to the salient
machine, the resultant zero sequence voltage for star-connection and zero sequence
current derivatives for delta-connection would contain saliency position information,

which also can be exploited for sensorless position estimation [HOL 98] [STA06].

1.3.3 PWM excitation without additional injection

The voltage vectors used in transient voltage vector injection methods also exist in
standard PWM for normal operation. Therefore, it should be possible to measure the
current transient response introduced by the inherent PWM, so as to extract the saliency

position information. Similar to the INFORM technique, the basic idea of PWM

15



excitation is aso based on the saliency position modulated reactance, which can be
reflected in the phase current derivative. The major advantage of PWM excitation is no
requirement of additional transient voltage vector injection, which is used in the transient
injection approach, and causes some problems, including additional current ripple, higher
switching loss, and limited dwelling time of zero voltage vector.

The zero vector current derivative (ZVCD) method may be the simplest candidate
among PWM excitation based techniques [RAUOQ7], which does not make any change on
the standard PWM. Assuming ig"=0, the current derivative on the estimated d-axis can be

derived as,

del R 1 1.,. W o
d; =- E(L_- L—d)lq sin(2Dq) - L—qsm(DQ) (1.12)

u0/u7 q

It shows that dig*/dt goes to zero if the position estimation error is zero, hence it can be
considered as the position error signal f(46), which is directly fed into position observer
to extract the rotor position information. The current derivative measurement is shown in
Fig. 1.13.

The ZVCD scheme provides a hybrid technique, which utilizes both saliency and
back-EMF for sensorless estimation. However, the condition of i4°=0 is a trade-off, in
addition, the duration of zero vector should be long enough for current derivative

measurement.

PWM-A | | | | | |
— | | | | —

PWM-B |

PWM-C |

_>
Y —

U 0 Wy 0 U, U U U U

Fig. 1.13 Sampling instance for ZVCD scheme [RAUOQ7].
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Different combinations of measured current derivative in response to specific voltage
vectors can be used to construct the position vector P(6;), from which, the saliency
position information can be obtained [HOL05] [GAOQ7] [HUA11] [BOL11].

In [HOLO5], an extended modulation (EM) scheme is presented to obtain saliency
position using the current transient response introduced by modifying the PWM
excitation without any additional injection. With EM technique, the voltage vector space
is divided into four overlapping 120° sectors. Referring to Fig. 1.11, sectors | and |l are
designated as sector Igy, and sectors |1 and |11 are designated as sector |1gy, and so forth.
In this way, the reference voltage vector lying at sector Igy can be realized by active
voltage vectors of uy, uz and zero vectors, as shown in Fig. 1.14. The current derivative is

measured under u;, us, and then the position vector p can be constructed as,

P@ ) o = f (S Sia) (1.13)

Therefore, the position information can be instantaneously estimated in one PWM cycle.
Compared with standard PWM, however, extra switching transitions can be observed on
one phase, which would increase the switching loss of power devices and common mode

current in the machine as well.

PWM-A |
PWM-B
PWM-C |
Si Ss
t t t
uo i ul i u3 i u7 § u3 § ul i uo i

Fig. 1.14 Sampling instance for EM method [HOLO5].

Compared with EM techniques, the standard PWM can also be exploited for saliency
based position estimation [GAOQ07] [HUA11] [BOL11]. The current derivative sampling
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instance for GAO’s and BOL’s methods is shown in Fig. 1.15 and Fig. 1.16, respectively.

And the related position vectors for position estimation can be constructed as

P, )eao = F(Si0: Sur Si2) (1.14)
P, )eo. = F(Sior Sy Siv Si2) (1.15)
PWM-A% | | ‘
PWM-B§
PWM-C% | |
Soi  Su  Se
I A I
U ! w0 u U, u U |

Fig. 1.15 Sampling instance for GAO’s method [GAOQ7] [HUA11].

PWM-A % | . ‘ |
— 1 s 1 L
PWM-B f
PWM-C ‘ ‘ | :
Soi S S [e
' 4 I -t
Uy U U, u; U, U Uy

Fig. 1.16 Sampling instance for BOL’s method [BOL11].

Regardless of standard or modified fundamental PWM excitation, a minimum
required duration of voltage vector for current derivative measurement is a critical
problem. Once a new voltage vector is applied to a machine winding, a sampling delay is

required to avoid the current ringing due to parasitic effects within the drive system.

18



Hence, the current derivative measurement is not activated until the current oscillations
settle down. Obvioudly, the minimum duration of voltage vector should be longer than
the sampling delay, which typically varies from 5 to 255 [GAOOQ7].

For standard PWM excitation, the minimum duration of voltage vector could not be
guaranteed at all time, since the duty cycle of the PWM is dependent on the fundamental
voltage reference. To solve this problem, i.e., guarantee enough duration for specific
voltage vectors, some techniques such as edge-shifting [GAOO07] [HUA11] [BOL11] and
extended modulation [HOLO05] are presented. The basic idea is to impose the minimum
duration for the required voltage vector in one half cycle of PWM, and then to apply an
opposite voltage vector in the next half cycle for compensation, to keep the effective
duration unchanged.

Alternatively, some different methods utilizing inherent PWM excitation for saliency
based position estimation are reported in [RAU10] [LEI11].

In[RAU1Q], it isfound that the 2nd PWM harmonic has the largest amplitude, which
can be considered as a pulsating vector, rotating approximately synchronously with the
fundamental voltage vector. Therefore, the resultant 2nd PWM current harmonic together
with the inherent 2nd PWM voltage harmonic can be used to calculate the position
dependent machine impedance. And then the position information can be extracted from
position modulated impedance. The current derivative measurement is not required,
however, as the amplitude and phase of the “injected” carrier voltage are determined by
the fundamental operation, instead of predefined, additional voltage measurement is
desirable to obtain the information of the “injected” carrier voltage. Furthermore, in order
to isolate the 2nd PWM harmonics from fundamental component, high sampling
frequency and a powerful microprocessor are essential to realize this kind of technique.

The zero sequence excitation introduced by standard PWM is also proven to be
effective for saliency based position estimation [LEI11]. With standard PWM, zero
sequence voltage would be generated, which has the same frequency as PWM. In order to
make the zero sequence voltage acting on the machine, afilter is employed to connect the
neutral point of star-connected machine with dc link middle point, as shown in Fig. 1.17.

The filter should be properly designed to only allow high frequency zero sequence
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current to pass through. From the measured current derivative at zero vector duration, the
position information can be calculated using the four-quadrant arctangent function.
Although higher SNR can be achieved, the requirement of additional hardware LC filter

isamajor drawback constraining the application of this technique.

J= yﬂ]i} .@H} 5@6} PMSM

0

-

.9’_,.1_] gﬂﬁ} LF(JK‘} Ugp “-:?0 \_/
Ugp L (_.}-

-

Fig. 1.17 LC filter for zero sequence injection introduced by standard PWM [LEI11].

Without additional signal injection, the inherent PWM excitation based sensorless
methods are suitable for wider speed range operation. Furthermore, they have the
advantage of faster dynamic performance due to high frequency PWM. However, the
requirement of current derivative synchronous measurement is an obstacle to their

practical applications. The PWM excitation based sensorless methods are compared in

Table1.1.
Table 1.1 Comparison of PWM excitation based sensorless methods.

Methods Principle Current Derivative| Voltage Additional
measurement  |Measurement| Hardware

[RAUO7] (ZVCD) | Back-EMF + Saliency J X X

[HOLO5] Reactance measurement N X X

[GAOO07] [HUA11] | Reactance measurement N X X

[BOL11] Reactance measurement N X X

[RAU10] 2nd PWM harmonic X v X

[LEI1]] Zero seguence injection N X v

J: required X: no requirement.
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1.3.4 Current derivative measurement

From previous discussion, current derivative measurement is important for
instantaneous reactance measurement based sensorless methods, regardliess of whether
they have or didn’t have additional transient injection.

The simplest approach is using derivative calculation from two consecutive current
measurements in a short time [RAUQ7]. Although no additional sensor is required, this
method demands a high performance AD converter for current measurement to suppress
the noise disturbance. In [OGA98], two 8-bit AD converters with a channel multiplexer
were used to directly measure the current derivative. It is cost effective in terms of AD
conversion, however, the hardware configuration is very complex.

The Rogowski coil is widely accepted in current derivative measurement due to its
high bandwidth, wide measurement range, low power consumption and insensitive to
temperature variation [BOL11]. However, it is criticized for high parasitic oscillations at
changes of current derivative, additionally, the behavior of Rogowski coils is
significantly influenced by the coil geometry [HOLO05] [HUAQ9].

For comparison, an air-cored mutual inductor is proven to be a better solution for
current derivative measurement [HOLO05] [HUAOQ9], since the highly coupled design of
mutual inductor gives rise to lower parasitic inductance and capacitance, and so lower

parasitic oscillations. Two examples of air-cored mutual inductor are shown in Fig. 1.18.

Primary winding

Secondary winding

(a) [HOLO5] (b) [HUAQ9]

Fig. 1.18 Air-cored mutual inductor for current derivative measurement
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1.3.5 Comparison of saliency based sensorless methods

Three types of saliency based sensorless techniques are reviewed in this section
(persistent carrier signal injection, transient voltage vector injection and PWM excitation

without any injection), the comparison between them areillustrated in Fig. 1.19.

Low cost current
measurement

Low torque ripple
Low noise

%, Wide speed
_______ operation

Bandwidth of
position estimation

Integrated magnetic Hardware
polarity detection / \ simplicity

Carrier signal injection — — Transient voltage injection =~ ======- PWM excitation

Fig. 1.19 Comparison of saliency based sensorless methods.

1.4 Direct Torgue Control and Sensorless Predictive Torque Control

DTC is an inherently sensorless technique. The basic principle of DTC is to select
stator voltage vectors according to the differences between the reference and actual
torque and flux linkage. DTC is implemented in the stationary reference frame without
coordinate transformation, hence the rotor position is not required for this purpose. Flux
estimation is a critical concern in DTC, which is normally obtained by the combined flux
observer, as shown in Fig. 1.6. In which, the voltage model, which is dominant at middlie
and high speed, does not need the position information; however, the current model
requires the position information to estimate the flux at low speed and standstill.
Consequently, position information is also required in DTC for standstill and very low
speed operation. The integration of saliency based sensorless technique and DTC
provides a significant enhancement of torque response for PM BLAC machines wide

speed operation [SIL06] [ANDOS].
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Asan alternativeto CVC and DTC, sensorless PTC schemeis presented in [LAN10].
According to the measured current igk], the current in next step idk+1] can be exactly
predicted from applied voltage vector and time duration for an isotropic machine. For a
salient machine, however, the predicted current would deviate from the real one due to
additional position dependent part. Hence, the difference between predicted and
measured idk+ 1], which contains the position information, can be used to extract the

rotor position, as shown in Fig. 1.20.

P
w

Fig. 1.20 Sensorless position estimation using current prediction [LAN10].

With this scheme, the position information can be estimated without any additional
voltage injection. Compared with PWM excitation methods, current derivation
measurement is not required. However, accurate machine parameters are required in this

method for current prediction.
1.5 Outline and Contributions of the Thesis

Sensorless control methods for PM BLAC machines have been broadly reviewed in
this chapter, while the saliency based persistent carrier signal injection method is the
emphasis of thisthesis.

Thethesisis organized in the following chapters:

Chapter 2 gives a detailed description about the experimental setup, including

hardware platform and software implementation of sensored current vector control.

Chapter 3 describes the rotating and pulsating carrier signal injection based

sensorless techniques in detail, and the comparative study between them is given. In
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addition, some practical issues in sensorless implementation, involving compensation of
cross-saturation effect and position tracking observer, are discussed in this chapter.
Finally, a robust magnetic polarity detection scheme is developed, and integrated into

conventional carrier signal injection based sensorless methods.

Chapter 4 focuses on the investigation of machine saliency information for saliency
based sensorless techniques. An experimental procedure is presented to measure the
saliency circle, which visually reveals the machine saliency information, including

magnetic saturation and cross-saturation effects.

Chapter 5 proves that inverter nonlinearity effects, especially the deadtime and
parasitic capacitance, are the critical issues for carrier signal injection based sensorless
control. Utilizing the distortion of positive sequence carrier current due to inverter
nonlinearity effects, a novel on-line post-compensation scheme is developed for rotating

carrier signal injection based sensorless techniques.

Chapter 6 improves the sensorless operation performance from the optimal efficiency
point of view. With on-line continuous searching of current working point in steady state,

the optimal machine efficiency can be tracked in sensorless operation.

Chapter 7 summarizes this research work and gives some discussions about future

work.

The major contributions of thisthesis are:

U Based on magnetic saturation effect, a robust magnetic polarity detection scheme is
proposed and successfully integrated into conventional carrier signal injection based

sensorless methods with slight increase of computational load.

U A pure experimental method is presented to measure machine saliency circle, which
visually reveals the machine saliency information without any requirement of machine
parameters. Based on the measurement results, Sensorless Safety Operation Area
(SSOA) is introduced to investigate the effectiveness of sensorless operation for

practical applications.
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Inverter nonlinearity effects are studied from the respects of theoretical analysis and
experimental measurement. Utilizing the distortion of positive sequence carrier
current due to inverter nonlinearity effects, a novel on-line compensation scheme is

developed for rotating carrier signal injection based sensorless methods.

From the efficiency point of view, on-line continuous searching algorithm is
employed in sensorless operation to improve the machine efficiency without any

requirements of compensation methods on nonlinear effects.

The publications originating from this Ph.D. research work are listed in Appendix 7.
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CHAPTER 2
EXPERIMENTAL SYSTEM

2.1 Introduction

The experimental system is constructed based on a TMS320C31-50 digital signal
processor (DSP), which is a 32-bit, floating-point processor manufactured in 0.6 mm
triple-level-metal CMOS technology. Since TMS320C31-50 is a pure DSP with limited
peripheral functions, additional interface boards are built to fulfill the whole system. The
block diagram of whole experimental rig is shown in Fig. 2.1. The test rig is built by
former Ph.D. students in the Electrical Machines and Drives Group of University of

Sheffield.
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|
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Interface | 0" u :::I]: DC
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|
|
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1 Converter DSP Generator : N - Power |1
: PIC18F4431 ! : Supply :
| (L(ADST8) TMS320C31 D Inverter !
| 1
P, : (N [y Ay Ep B /
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Fig. 2.1 Setup of experimental system.

2.2 Control System

2.2.1 DSP starter kit

The heart of control system is the TMS320C3x DSP Starter Kit (DSK), which is
populated with a TMS320C31-50 floating point DSP running with a 50MHz external
oscillator. The digital-signal-processing instruction sets have the speed of 25 Million
Instructions per second. The DSK board communicates with host PC through parallel
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printer port. Upon reset, the host PC downloads a communications kernel to the DSP
using the bootloader. This communications kernel provides a set of low-level routines
that alow the host PC and the DSP to exchange information and perform debugging
functions.

It should be noted that only assembly language source program is supported by the
development software. Hence, the software programming is a time consuming work
compared with C or Matlab based code generation. The C31 DSP only has 2k bytes
on-chip memory, which is another limitation for some applications.

Around the DSK board, severa interface boards including analog to digital
conversion, encoder interface, PWM generation and digital to analog conversion can be

accessed by the DSP through an external memory interface.
2.2.2 Analog to digital conversion

The machine phase current is measured by the current transducers, LEM LA25-NP.
Using analog conditioning circuits, the current output from transducers is transformed to
a bipolar voltage signal. After that, the bipolar voltage signal is converted to a digital
signa by a 12 bits AD converter (AD678). The ratio between the machine phase current
and analog conditioning circuit output voltage is designed to be 5V/12.5A. The input to
the AD converter has a full-scale range of -5V to 5V. In order to obtain the rea current

value for C31 DSP, ascale of k; isrequired in software, which should satisfy,

. 5V 4006
i =i, e A0 2.1)
12.5A 10V

Then k; can be derived, as k~0.0061.

In order to measure the DC bus voltage, a voltage transducer LV 25-P is used. With
the voltage transducer and analog conditioning circuits, the DC link voltage of 300V is
converted to a +5V voltage signal, which is the input of the AD converter (AD678). In

the same way, the software scale for voltage measurement can be derived as,

K, = sV 300V

» 0.1465 (2.2)
2048
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Considering the tolerance of components in practice, it is strongly recommended to
fine adjust the scale by experimentation. The fine tuned scales through experiment are
ki~0.0056 and k,~0.1538, which are dightly different from the designed values.

2.2.3 Encoder interface and position alignment

To verify the accuracy of sensorless position estimation, a dedicated rotor position
detection board based on PIC18F4431 MCU is included to supply the DSP with the real
rotor position from an optical encoder with the resolution of 2048PPR.

Before the sensorless algorithm development, it is desirable to implement the
sensored current vector control, in which the position information from the encoder is
used for forward and inverse park transformation. It is necessary to align the zero
position of position sensor to the magnet axis (d-axis), as shown in Fig. 2.2. Typicaly,
the 3-phase back electromagnetic force (EMF) is a good reference for initial position

alignment.

|\ d A
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Fig. 2.2 Rotor position alignment.

Spun by load machine, the 3-phase back-EMF of PM BLAC machine can be
measured from the machine winding terminals. For the case where a machine neutral
point could not be accessed, the phase back-EMF can be calculated from the measured
line back-EMF. Take phase-A back-EMF as an example,

1
e, :é(eab - e,) (2.3)
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It should be noted that the calculated phase back-EMF from measured line
back-EMF would cancel the 3rd harmonic component.
Without consideration of harmonic components, the back-EMF in synchronous

reference frame can be expressed as,

éedU é 0 u
=8 q (2. 4)
eequ Y mU

where yp, is the flux linkage due to permanent magnet. Transforming to stationary
reference frame, it yields,

é€,u €&  Cosg, - sing, u, N - sing, u
= Sos, - 20/9) - s, - 2195 1=5 sng, - 219y, @)
gefl Eos(g, +2p/3) - sing, +2p /IE U & sin@, +2p /3

The above equation shows that with positive rotation, the fundamental phase-A

>(‘D> (‘D> [N

back-EMF should cross zero in the negative direction when the electrical rotor position is
zero. By way of example, the position information can been well aigned for the

prototype machine, as shownin Fig. 2.3.
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Fig. 2.3 Aligned rotor position information against phase back-EMF.

2.2.4 PWM generator

Dueto lack of PWM generator within the C31 DSP, a PC18F4431 MCU is employed
to receive the duty cycle from DSP, and then output PWM signals to the power stage.
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Although space vector PWM (SVPWM) has become an industrial standard, the
required computation effort is a big chalenge for the C31 DSP. In this work, the zero
sequence signal injection based method is utilized to generate the modul ation wave, since
it is computationally less intensive than SVPWM while keeping symmetrical placement
of zero vectors [HAV98].

For 3-phase reference signals shown in Fig. 2.4(a), a zero sequence signal can be

defined as,

V, =+ Z{max(Vy, Vy Vo) + minv, Ve, V) @.6)
and then, the modulator signals can be generated as,

iVe=V, +V,

Vo=V, +V, 2. 7)

%Vaq:: Va +V0

Compared with the SVPWM strategy, the modulator reference signals have similar
shape, as shown in Fig. 2.4(b). More detailed explanation about this modulation scheme
is presented in [HAV98].
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Fig. 2.4 Zero sequence signal injection based modulation strategy.

2.2.5 Digital to analog conversion

Four 12-bit digital to analog (DA) converters (AD767) convert the digital variables
in the C31 DSP to analogue voltage signal. Therefore, digital variables inside the DSP
can be monitored and recorded via an oscilloscope in real time. All the DA converters are
working in bipolar mode, i.e., the input digital signal 0 to 4095 will be converted to an

analogue signal from -5 to +5 volt.
2.3 Power Stage

The power stage is constructed based on a PS21255, an intelligent power module
from Mitsubishi. It integrates a 600V, 20A, 3-phase IGBT inverter bridge with gate drive
and related protection functions. This integration structure significantly simplifies the
external circuits, and increases overal reliability of the drive system. For galvanic
isolation between control system and power stage, the opto-coupler, HCPL-4506, is used
to pass the gate drive signals from the PWM generator to the power stage. Meanwhile,
two transformers with four channels of isolated DC voltage output (+15V) provide power

supply for the gate drive circuits. Fig. 2.5 shows the picture of power stage.
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Fig. 2.5 Photograph of power stage [LI09a].
2.4 Prototype Machine

The prototype machine is a 3-phase PM BLAC machine with interior circumferential
rotor configuration. The machine is made by Control Techniques Ltd., while the rotor is
re-designed by the Electrical Machines and Drives Group of University of Sheffield
[CHE99]. The major parameters of the prototype machine are shown in Table 2.1. And
the detailed machine parameters are listed in Appendix 1.

Table 2.1 Parameters of prototype BLAC machine.

Rated voltage (peak) 158V
Rated current (peak) 4.0A
Rated power 0.6kw
Rated speed 1000rpm
Rated torque 4.0Nm
Pole numbers 6

Stator resistance (R<) 6.0Q
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The cross-section of prototype machine is shown in Fig. 2.6. The stator is skewed by

20° mechanical degrees for reducing the cogging torque and sinusoidal back-EMF-.

- 106.6mm
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|
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—————r————

60.5mm

l———p
I 25mm |

Fig. 2.6 Cross-section of prototype machine [LI09a].
Fig. 2.7 shows the calculated phase back-EMF from measured line back-EMF of the

prototype machine at the speed of 200RPM (f=10H2z), in which the rotor position
information comes from the aligned position sensor. From the measured back-EMF
vector, it can be seen that some harmonics, especially the 5th harmonic, exist in the
prototype machine due to a non-sinusoidal flux distribution. Using spectral analysis, the
dominant 5th harmonic can be confirmed in Fig. 2.8. The amplitude ratio of 5th harmonic

to fundamental component can be calculated as 3.0%.
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Fig. 2.7 Phase back-EMF for prototype machine (f=10Hz).
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Fig. 2.8 Spectrum of phase A back-EMF (f=10Hz).

2.5 Load Machine

A DC generator, Table 2.2, is directly coupled to the BLAC machine as a mechanical
load. A power resistor is used to dissipate the generated power from the generator. The
magnet field of the DC generator is externaly excited by a DC power supply. Therefore,
the load condition can be adjusted by changing the field excitation current or the power

resistance.



Table 2.2 Parameters of DC generator.

Rated voltage 220V
Rated current 8.0A
M aximum speed 3000rpm

According to the operation principle of DC machine, the load torque generated by
the DC machine can be expressed as,

kiZw_
T =
R+R

where k is constant, is is the excitation current of field winding, wn, is the mechanical

(2. 8)

angular speed of machine shaft. R, and R_ is machine armature resistance and load
resistance, respectively. For given field current is and load resistance R, it can be seen
that the generated load torque is proportional to the shaft speed. Then, equation (2.8) can
be simplified as,

T, =Bw, (2.9)

where B.=kif?/(R.+R.), it is constant for given i; and R_. Hence, the generated load torque

by the DC generator is speed dependent.
2.6 Current Vector Control

Fig. 2.9 illustrates the block diagram of current vector control for PM BLAC
machine with maximum torque per ampere (MTPA) algorithm. Although the LPFs in
dg-axis current feedback path should be avoided in terms of higher dynamic bandwidth
(BW) of current loop, they are essentia for filtering the carrier current components when
a persistent carrier voltage signal is injected into the machine for saliency based
sensorless position tracking. For commonly used d-axis pulsating injection technique, the
LPF for g-axis current can be omitted since the majority of carrier current stays at d-axis

if the position estimation error is small.
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2.6.1 Design of current regulator

As the inner loop in the current vector control system, the design of dg-axis current
regulators is very important. With proportional integral (Pl) current regulator, the block
diagram of dg-axis current control loops accounting for practical time delay can be

expressed as Fig. 2.10 [BLA98].

Software Hardware

Fig. 2.10 Block diagram of current control loop [BLA98].

Accounting for the time delay including processor computation delay Ty, pulse width
modulation (PWM) delay Tpuwm, Current measurement delay Tr, and low pass filter (LPF)

delay T, pr, the open loop transfer function for current loop can be expressed as,
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K Kopum(TeS+D/R,
ToS(Tis+ DTS+ DTS+ D(TpS+D(TprS+1)

G, (s) =

(2.10)

where T is the configurable time constant of current regulator, To=Ky/K;. T; is the
electrical time constant of machine, Ti=LJR.. Typicaly, T; is dominant compared with
other time delay. In order to simplify the transfer function, an equivalent time constant
Teq Can be defined as,

Teq = Tp + prm + T + Tipr (2.12)

and then (2.10) can be re-written as,

KoK (To S+D /R
T S(Ts+1)(T,s+1)

G, (s) =

(2.12)

Referring to the standard second order system, the parameters of Pl current regulator is

configured with a damping factor of 0.707,

]- Tcr = Tl
Py (213)
* ’ ZKPanTeq
Therefore, the open loop transfer function for current loop can be simplified to be,
1/(212
Gul(9) = o) @14
s"+s/T,

In this way, the close loop transfer function for the current loop has a standard form

of second order system,

G,(s) = U(2T,) (2.15)

S+ /T, +U(2T,)?
For this kind of close loop system, the bandwidth defined by -3dB amplitude response
would be substantialy higher than the bandwidth defined by -45 degrees phase fall
[BLA9S], therefore, the latter definition is normally set as close loop bandwidth fq, of
current loop,

f,. = \/é- 1 » T
® 4T, 17.17T,

eq

(2.16)

It clearly shows that the dynamic performance of current loop is determined by the

equivalent time constant Te. For double current sampling and PWM double update
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system without LPF in current feedback path, Ter~0.75/fs, then the related current
controller bandwidth can be calculated as f4/12.9, which is the upper limitation of current
control bandwidth for a DSP-based current vector control [WAN10]. Similarly, for single
current sampling and a PWM single update system without LPF in the current feedback
path, the theoretical maximal bandwidth isf4/25.8.

2.6.2 Test of current regulator

In this work, single current sampling and PWM single update are employed with a
current sampling frequency of 5kHz, then the equivalent time constant for the g-axis
current loop without LPF is Te=0.3ms, and the theoretical maximal bandwidth of current
controller can be derived, to be around 194Hz. However, for the d-axis current loop, a
software LPF is essential to remove the carrier current component in the synchronous
reference frame, which would inevitably degrade the bandwidth of current controller.
Here, two 1st-order LPFs with time constant of 0.8ms in series are used in the d-axis to
filter out the carrier current ripple. With fine tuned current Pl regulators, the measured
dg-axis current step responses are shown in Fig. 2.11. It can be seen that the g-axis
current has arise time of 2.6ms, while the d-axis current has a longer rise time of 6.0ms.
Using the 1st-order LPF fitting the curve of current response [WALOG6], then the
bandwidth of dg-axis current control loop can be approximated as 135Hz and 58Hz,
respectively.
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(a) g-axis current step response
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Fig. 2.11 Current step responses.

In order to check if the designed current regulator is acceptable for carrier signal
injection based sensorless control, it is necessary to make sure the carrier voltage
distortion introduced by the current regulator is as little as possible. For this purpose, a
pulsating carrier voltage with amplitude of 35V and frequency of 330Hz is injected along
the d-axis during sensored operation mode, and the output signals of the dg-axis current
regulator are recorded, as shown in Fig. 2.12. Carrier current ripple can be observed on
the d-axis, instead of the g-axis. Regarding to the output signal of the current regulator, it
can be found that the carrier frequency voltage ripple occurs at the output d-axis voltage.
Considering the limited ripple amplitude (1.2V), this can be neglected when compared
with the amplitude of the injected carrier voltage (1.2/35~3%). Consequently, the
designed current regulators are acceptable for d-axis pulsating injection based sensorless
control. However, when the rotating carrier voltage signal injection based sensorless
method is used, a LPF should be utilized in the g-axis current feedback, since carrier
current ripple exists even when the estimated position error is zero. Inevitably, the

introduced time delay due to the L PF would degrade the systems dynamic performance.
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Fig. 2.12 Carrier current and output of current regulator
2.6.3 Speed regulator

The mechanical systems dynamic performance is governed by the mechanical

equation,

aw,, _ T
dt
where J is the total inertia of the shaft, Teny, is the electromagnetic torque generated by the

J T - Bw, (2.17)

prototype machine, T, is the load torque applied to the shaft by the DC generator, and B,
is viscous friction coefficient. Substituting (2.9) into (2.17) yields,

T _ Tul(B+B) _T./(B,+B)

em

W= =
" sJ+(B,+B) sJ/(B,+B)+1 t,s+1

(2.18)

where the mechanical time constant 7, defined by J/( Bo+B.), is an important parameter
in the design of speed regulator. Equation (2.18) shows that the relationship between
mechanical speed and electromagnetic torque has the behavior of standard 1st-order low
pass filter, and the time constant is =, Typically, compared with the electrical time
constant of machine, the mechanical time constant z,, is dominant in the control loop.

Hence, the machine mechanical model can be simplified as,

L (2.19)

where f, is the electrical frequency, and k; is torque constant. With a Pl-type speed
regulator, the block diagram of speed control loop can be depicted as Fig. 2.13.
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Fig. 2.13 Block diagram of speed control loop.

In order to obtain the machine mechanical model parameters, the machine run out
test is employed, which does not require a torque transducer. With a given i; and R_ for
the load machine, the fundamental excitation of (i4=0A, iq=2A) is applied to the prototype
BLAC machine, then the machine would spin at a specific speed. At steady state, cutting
off the fundamental excitation for the prototype machine, the system runs out until zero
speed is achieved due to friction loss. The speed response during this process can be

measured, as shown in Fig. 2.14.
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Fig. 2.14 Measurement of machine mechanical model.

From the steady state frequency, the torque constant can be calculated as k=2.5/A.
From the measured speed response, the fall time t; from 90% to 10% can be easily
obtained, as indicated in Fig. 2.14. According to the characteristic of 1st-order low pass
filter, the time constant should satisfy,

t_» —2 (2.20)
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Consequently, the machine mechanical model can be obtained from the experiment,

G.(8)="=—F— 2. 21)

f._ 25
i, 0.364s+1

Although the dynamic performance of the speed control loop can be adjusted by the
speed regulator in theory, the maximum rate of speed change is limited by the inertia and
the maximum electromagnetic torque. For the prototype machine with a current limit of
4.0A, coupled with a high inertial DC generator, the speed step response with well tuned
speed regulator is shown in Fig. 2.15.
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Fig. 2.15 Speed step response (-100RPM — 100RPM — -100RPM).

2.7 Conclusions

This chapter gives a detailed description about the experimental setup, including the

hardware platform and software implementation of a sensored current vector control.
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Although the C31 DSP based system is out of date, the modular concept of the
experimental system is very popular even today.

Control Loop design is important in the current vector control system. In sensorless
control, the bandwidth of position tracking observer is limited by the bandwidth of
current and speed control loop. As the inner loop, the current loop, should be designed
with higher bandwidth. However, the digital sampling frequency and update mode of the
PWM duty cycle gives rise to the upper limit. Even worse, for carrier current injection
based sensorless control methods, LPFs are necessary to filter out the carrier current
ripple on the dg-axis current feedback, which further decrease the dynamic performance
of current control loop. For the speed loop, its dynamic behavior is limited by the system

inertia and the maximum electromagnetic torque of machine.



CHAPTER 3
CARRIER SIGNAL INJECTION BASED SENSORLESS
CONTROL

3.1 Introduction

Carrier signa injection based sensorless control methods are well developed due to
the effectiveness at low speed and at standstill. A high frequency carrier voltage signal
(pulsating or rotating) is persistently superimposed on the fundamental excitation, and
then the position-dependant carrier current response, which results from the interaction
between the injected carrier voltage signal and the machine saliency, can be used to
extract rotor position information.

Alternatively, it is possible to inject a high frequency carrier current signal to the
salient machine, and extract rotor position information from the carrier voltage response.
However, carrier current injection requires the current regulator to have sufficiently high
bandwidth to guarantee the injected high frequency carrier current follows the reference
command. Another drawback is that an additional voltage sensor should be provided to
measure the carrier voltage response. For carrier voltage injection, although the injected
carrier voltage signal may be disturbed by the current regulator and inverter nonlinearity
effect, it is acceptable to use the carrier voltage reference signal in the control algorithm,
with appropriate compensation techniques. Furthermore, the current sensors which are
already present for current vector control can be used for the carrier current measurement,
which would simplify the hardware design and decrease the system cost. Consequently,
carrier voltage signal injection is preferred.

This chapter gives a detailed discussion about commonly used d-axis pulsating and
rotating carrier signal injection based sensorless control techniques. In order to guarantee

sufficient signal to noise ratio (SNR) of the resultant carrier current response, the default



carrier voltage signal with a magnitude of 35V, and frequency of 330Hz, is selected for
the prototype machine used in this thesis.

Since the machine saliency undergoes two cycles in a single electrical period, the
estimated position information from the machine saliency behavior contains an angular
ambiguity of z. Therefore, magnetic polarity identification is required to obtain the
correct rotor position for an initial start. Utilizing the variation of carrier current
amplitude with respect to the d-axis fundamental current level, arobust polarity detection
scheme is developed in this chapter, which can be seamlessy integrated with a

conventional carrier signal injection based sensorless control agorithm.

3.2 High Frequency Model of PM BLAC Machines Accounting for
Cross-saturation Effect

In carrier voltage signal injection based sensorless control methods, the position
dependent carrier current response is subject to the impedance of the machine, hence the

high frequency model of a PM BLAC machine needs to be analyzed first.

3.2.1 Model in synchronous reference frame

The voltage equation of a PM BLAC machine in the synchronous reference frame is

given as below.

YoU_eR 006l &40 & wy 0
8,078 RrIY u*pg, a+e v (3-1)
e'qu € U eau a0 éWYa U

where p denotes the differential operator, and ¥4, ¥y represent the d- and g-axis flux
linkages respectively. Assuming the machine reluctance has pure sinusoidal spatial
distribution along the rotor circumference, then they are only determined by load
condition (ig, ig), rather than rotor position.

1Y 4 =Y ¢ (igsig)

. (3.2)
':\y q :y q(ldilq)

If the carrier frequency is sufficiently higher than the fundamental frequency
(normally the case at standstill and low speed operation), back-EMF and resistive voltage

drop are negligible, then the machine behaves as a purely inductive load [RAC08a]. Only
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the high frequency components are considered, and the high frequency voltage equation

can be derived as,
e‘n di di,u
o Ya,0lq ﬂy_ x4
g (i, )u Aﬂl dt i, at 0
g (g )[;I 2ﬂyq dig ﬂyq d' u
g iy dt fii, dt g

With the aid of definition of incremental (also called differential or tangential) self-

2

<'dh
é
&/an

u
0= pg/ 3.3
g ¢

and mutual inductance, given by:

: Len(iaig) =Ty /Mg » [y 4(ig + Dig.ig) -y 4(ig.i4)]/ Dig
i Lan(iauig) =Ty o/ Mg » [y o (q.iq + Dig) -y 4 (ig,ig)]/ Dig

I . . . . . . (3.4)
T quh(ld"q) =Ty 4 /ﬂlq » [y d(ld’lq + D'q) -y d(ld’lq)]/Dq
1 quh(ld"q) =Ty, Mg » [y q(ld + Dld’lq) -y q(ld’lq)]/Dld

Then the high frequency voltage equation can be simplified as,
a/ u éL L,,U 40U
e dhu eth quhu dhu (3.5)
&gl E-un Eah (i

Although a dlightly nonreciprocal cross-saturation coupling exists between d- and
g-axis, i.e. Lagh#=Lqan [STUOS]. In most practical applications [GUGO6] [L109b] [REIOS],
Laqgn IS considered equal to Lqan for simplifying the analysis, which is adopted in this work.
Consequently, the high frequency voltage model of a PM BLAC machine in the
synchronous reference frame can be simplified as below,

é’dh u_ éLy, Lyn U 84,0
e U eL L uxp U (3.6)
Saqh ()

8nl  €-an

From the above equation, it can be seen that only incremental inductances are

contained in the high frequency voltage model. Due to magnetic saturation, Lgn, Lqn and
Lagn Vary with fundamental excitation.

The incremental self and mutual inductances can be measured by injecting the high

frequency signal into the d- and g-axis, respectively [L109a]. The high frequency signal,

ve=Vccos(wt), is injected into the d-axis to obtain the relevant dg-axis high frequency

currents (ign1 and iqn1), and then it is applied to the g-axis to record ign, and ignp. The high

frequency voltages and currents, ve, idni, ign1, ign2 @nd igno, are applied to (3.6) asfollows:

46



&, Ou_é€ly Lyl Gum lanoU
é u=é x a 3.7
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Both sides of (3.7) are multiplied by 2cos(wt) and applied to a low pass filter to

give:
&, O0u_ ely LypUllan lmpU
0 Veq €-adh  “ah (0 €'anr "gh2()

where lgn, lgn1, lane @nd Ign are the amplitude of corresponding high frequency currents,
and they can be measured by multiplying the relevant currents with 2sin(wct) and low

pass filtered to give:

11 gy = LPF(2i gy SIN(W,t))
1 g = LPF (2i g Sin(W,t))
i . .

i lan2 = LPF(2i gy, SIN(W,1))

} l gh2 = LPF (24, Sin(w,t))

(3.9)

The incremental self- and mutual-inductances of dg-axis are obtained by solving (3.9)

L, N < -1

€Ly LunlU_ 1 &/ Ouvelyy lanol

o Lo w80 V.M Towl (3.10)
gah  Lon g We @ & a2

cue' gh1
For the prototype machine used in this work, the measured data of incremental self-
and mutual-inductances are shown in Appendix 4, which can be plotted in Fig. 3.1 and

Fig. 3.2 [L1094].
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Fig. 3.1 2D-graph of the measured incremental inductances for the prototype machine [LI09a].
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Fig. 3.2 3D-graph of the measured incremental inductances for the prototype machine [LI09a].

3.2.2 Moddl in estimated synchronous reference frame

In sensorless operation, since the accurate rotor position is unknown, the estimated
rotor position is used in the control algorithm. Hence, (3.6) can be transformed to the
estimated synchronous reference frame (6;°) from the accurate synchronous reference

frame (6,) by the transformation matrix, T(46), as given below,

écos(Dq) - sin(Dg)0)
T(Dg) =& 7
(B = &6n(Dg)  cos(Oa) ¥

where 46 is the estimated position error, 46=6; -6,°, as shown in Fig. 3.3.

3. 11)
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Fig. 3.3 Estimated and accurate synchronous reference frame

In the estimated synchronous reference frame, the high frequency voltage model of

the PM BLAC machine can be expressed as,
év5 u ély, L
e 4=T(Oag * quhu (Do) pe
9] dh  “ah O @
écosDg - sinDgu ély, LynU écosDg sinDgu é5,u
8 . e L 0 gXPé. d
ésinDg  cosDq g glan Lo g & SNDg  cosDag ~ @qfy
:nghcosqu+ths'n2Dq Len SN2DG  (Ly, - qh)stqcoqu+quhcos2Dqﬂ pgdhu
&L - Lgn)SiNDg cosDy + Ly, cos2Dq Ly, Sin” Dy + Ly, cOS? Dg + Ly, SiN2DAQ  danfl
6l - Lycos2Dg - Ly, Sn2Dg - Ly Sin2Dg +Ly,,c0s2Dg U €U
T & - Lgsin2Dg + Ly, cos2Dg L, +Ly cosZDq+quhS|n2un pgqha

(3. 12a)
where Lg, and Ly are the average and difference of d- and g-axis incremental inductances,
defined by:

1Lg = (L + L)/ 2

3. 12b
}Lsd_(l_ L)/ 2 ( )

Equation (3.12) is solved to calculate the differentia of the high frequency carrier

current response in the estimated synchronous reference frame,
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where 6, is referred to as the cross-saturation angle.

L L,L L2 _thLh'Lih
q =tan" ( quh), Lp:w' Ln—ﬁ (3.13b)
sd sa sd dgh

normally, Lp << L.
3.2.3 Moddl in stationary reference frame

From Fig. 3.3, with the aid of transformation matrix T(6;), the high frequency voltage
model of aPM BLAC machine in the stationary reference frame can a so be derived from

(3.6), as shown below.

&os(d,) - sin(@, )i
TO) &0, cosia,) (349

év,,u élLy, L »U

e, u=Tg ° L"““UT @)0e"

@’bhg dh o gonll (3.15)
el - Lycos2y, - Ly,sin2y, - Lysing, +L,,cos29, O &, 0

- A

§ - LySin2g, +Ly,c0820, Ly + Ly 0082, +Ly,sin2g, ld p%bh(u;l

In the similar way, the differential of the high frequency carrier current response in

the stationary reference frame can be obtained as,
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pg“3=éLp " . UQ? ﬂ (3.16)
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€nl € Zsin(x, +q,) —- —cos(Ay, +q,)Y €n

g L, L, L d

3.3 Pulsating Carrier Signal Injection

Pulsating carrier signal injection based sensorless methods have been well developed
due to their inherent advantages, such as being less computational intensive, having a
faster dynamic response, and a intrinsic cancellation of the filter lags during signal
processing [RAC10].

There are two kinds of algorithms in pulsating carrier signal injection:

U D-axisinjection [LINO2] [HAO3] [JANO3a] [L109b]: a high frequency carrier voltage
signd is injected on the estimated d-axis, and the carrier current response on the
estimated g-axisis used to estimate the rotor position.

U Q-axis injection [COR98] [LINO3] [YAN11]: a high frequency carrier voltage is
injected on the estimated g-axis, and the carrier current response on the estimated

d-axisis used to estimate the rotor position.
3.3.1 D-axisinjection

For d-axis pulsating carrier signal injection, the high frequency pulsating carrier
voltage vector (3.17) isinjected on the estimated d-axis.
gvdhﬂ ch_cosagy a =W+ (3.17)
&V qhg e u
where V., o and ¢ are the amplitude, angular speed and initial phase angle of the
injected carrier voltage.
From (3.13), the differential of the carrier current in the estimated synchronous

reference frame can be expressed as.

él 1. u
. _+—co 2Dq + —sm2 + 2
dq0 SLo L, (2Dq +a) L, (@Da+dn) g écosa (i
pées = U a (3.18)

é
R : Zsin(20g +q,) - Tcos(2Dg +q,)d € O U

n p n U
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And then, the resultant carrier current response in the estimated synchronous

reference frame can be derived as:

éV Y/ u
L ¢ +—<¢_cos(2Dg +q,,),
aghu %NCL an S( m qm)l:I ; é|p+|nCOS(2Dq -'-Qm)l:I :
g, u=¢ "’V Usina =g _ @>sina  (3.19a)
gnll € ©_sn(2Dq +q,) U é 1,9n(2Dq +q,) {

8 c—n

where
|=Ye oV
PTWL " wl (3.19b)

From (3.19a), it is clearly shown that the carrier current response is amplitude
modulated by the rotor position information (for given load condition, cross-saturation
angle O, is constant). When the estimated position error 46 is sufficiently small, %
becomes very small, therefore, the g-axis carrier current response (i%p) is usualy used to
extract the rotor position information. Since the introduced current ripple on the g-axisis
limited, less torque ripple would be generated.

Using the form of a complex vector, the injected carrier voltage signal and carrier

current response in the estimated synchronous reference frame can be expressed as,
Vaah :V—2°(eja +e ) a=wt+j (3.20a)

gy =2 (€/@P/2) 4 gitaspi2y (3.20b)

From the foregoing discussion, some conclusions can be drawn, as listed below:

1. From (3.20a), it can be noticed that the injected carrier signal can be regarded as the
superposition of two rotating carrier vectors, one is rotating at a positive speed and
the other one isrotating at a negative speed.

2. Theresulting carrier current response (3.20b) in the estimated synchronous reference
frame consists of two components: the positive and negative sequence components.
The positive sequence component, rotating at the frequency of w¢, has the same
magnitude as the negative sequence component. The spectrum components for

pulsating voltage injection method are therefore symmetrical.
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3. The phase of the positive and negative sequence components do not have any
position related information, whereas their magnitude is modulated by the position

estimation error and can therefore be used to estimate the rotor position.
3.3.2 Q-axisinjection

For g-axis pulsating carrier signal injection, a high frequency pulsating carrier
voltage vector (3.21) isinjected on the estimated g-axis.

&VplU_ € 0 U
€ e U_Vcé U
&Vl €cosa

a=wit+j (3.21)

And then the resultant carrier current response in the estimated synchronous

reference frame can be derived as:

é V. . U
4 A ¢ _sin(2Dqg + , i ) .
Ga0_¢ wi, (2Dg +q,,) 0 g <& SN@Da+a,) o 629
€e U™ % . - & u .
gl éWCV—IC_ VCL cos(2Dq +(q,,)Y gl - 1,008(2Dq +4,)(
W,
cp ctn

Similar to the d-axis injection, the carrier current response is amplitude modulated by
the rotor position information. However, the d-axis carrier current response (i%n) is
usually used to extract the rotor position information.

Q-axisinjection is agood choice for zero d-axis current vector control (ig=0) [LINO3]
[YANL11], since it is less sensitive to the inverter nonlinearity effect. In this case, the
magnitude of carrier current would be zero when the fundamental phase current crosses
zero, as shown in Fig. 3.4. Hence, the carrier voltage distortion due to inverter
nonlinearity can be minimized. Further detailed information about inverter nonlinearity

effect is given in Chapter 5.
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Fig. 3.4 Phase current for g-axis injection at sensored operation mode.

Compared with d-axis injection, however, more current ripple on the g-axis can be
observed, as shown in Fig. 3.5. It would generate substantial torque ripple even the
position estimation error is zero. Consequently, injection of pulsating carrier voltage

along the d-axisis preferred in terms of torque ripple.
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Fig. 3.5 Measured current in dq reference frame at sensored operation mode (iz=0A, i;=2A).
3.3.3 Carrier signal demodulation

It is well known that the carrier current response in the estimated synchronous

reference frame is amplitude modulated by rotor position information. In order to
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demodulate the position dependent amplitude from total carrier current response, the
synchronous detection technique is normally used [MAD95] [L109a] [RAC1Q].
Assuming the current signal has the form of
i(t) =1, + 1 sin(wt) + 1, sin(w,t) (3.23)
Both sides of (3.23) are multiplied by 2sin(w1t+4), where ¢ is a constant angular offset.
i(t)>2sin(w,t +d) =2l sin(w;t +d) + 1, cosd - |, cos(2w,t +d) + 21, sin(w,t)sin(w;t +d)
(3.24)
Applying thissignal to alow passfilter, the output can be derived as
|, cosd = LPF[i(t)>2sin(w,t +d)] (3.25)
It should be noted that, once 6=0, the output of low pass filter is exactly the amplitude of
frequency component of interest, otherwise, a gain of coss is introduced. This kind of
frequency isolation scheme is referred to as synchronous detection [MAD95].
With the synchronous detection technique, the amplitude of the carrier current

response can be obtained with noise suppression, given by

oYU +1_cos(2Dq +
i =§_ ‘u LPF(edhu>QS| a)= Q COZS( D4+ )S (3.26)
vl 8 é 1,8n(2Dg +q,)

The whole procedure of carrier signal demodulation for pulsating injection is

described in Fig. 3.6.
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Fig. 3.6 Carrier signal demodulation for Pulsating injection.

In conventional d-axis pulsating injection based sensorless methods, the amplitude of

g-axis carrier current is regarded to be the signal input to the position observer,

f(Da) =|ig

gh

=1,sin(2Dq +q,,) (3.27)

In steady state, f(46) isforced to be zero due to the position observer,
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f(Dg) =1,sin(2Cq +q,,) =0 (3.28)

When the cross-saturation effect is negligible, i.e., 0,~0, the rotor position
information can be estimated accurately (A6=0). Accounting for the cross saturation

effect, however, a position estimation error would be generated,
Dq =-q,/2 (3.29)

The introduced position estimation error due to the cross-saturation effect is a critical

issue, which results in reduced torque capability and even stability problem.
3.3.4 Compensation of cross-saturation effect

In order to compensate the estimated position error resulting from cross-saturation
effect, either proper machine design [BIAQ7] or compensation control can be employed.
Many efforts have been made on the control aspect. Due to its nonlinear behavior, the
compensation methods depend considerably on the machine parameters, which can be
acquired from finite element calculation, off-line self-commissioning, or on-line
parameter identification. A relatively straightforward method is used in [ZHUO7]
[KOCQ9]. Here, the angular error is obtained from either finite element calculation or
experimental measurement in sensored operation, after that, it can be directly used to
compensate the estimated position error on-line. A self-commissioning procedure was
presented in [ TESOO] to obtain the harmonics information due to cross-saturation, which
can be used for on-line compensation. A more adaptive compensation method based on
parameter identification is developed in [REIO8], although it is more computationally
intensive. Alternatively, the neural network structure is used for cross-saturation
compensation [GARO7b], which is declared to have the advantages of scalability,
reduced complexity and reduced commissioning time in comparison with the
conventional parameter-based methods.

In this work, the compensation method proposed in [L109b] is employed. When the

rotor position estimation error A9 is sufficiently small, (3.26) can be further derived as,

U_é,+1,cos(2Dq+q,)u & |, +l,cosq, U

ie
dh
u
ie
gh

= ‘ 3.30
§ & l.sin@2Dg+q,)  &1,cosq,>0q +1,snq,f 230
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defining a coupling factor A=Lgqn/Lgn, and then the signal input to the position observer

can be re-defined as,

f(Da) =

A

In steady state, f(40) is forced to be zero by the position observer. Obviously, in this

» 2|, cosq,, XDq (3.31)

e
Iqh

way no position estimation error would be generated by the cross-saturation effect. The
block diagram of d-axis pulsating carrier voltage injection based sensorless control with

cross-saturation effect compensation is shown in Fig. 3.7.
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Fig. 3.7 Block diagram of d-axis pulsating injection based sensorless control [LIO9b].

In a practical implementation, the digital system delay (measurement and sampling
delay) are inevitable, especially for the high frequency carrier current response. Previous
discussion about the synchronous detection technique shows that a constant gain of coso
would be introduced on f(46) if a constant delay is considered. Fortunately, it does not
generate an additional estimation error. Consequently, the improved compensation

method has an important advantage of less sensitivity to digital system delay.
3.4 Rotating Carrier Signal Injection

When arotating carrier voltage signal is injected into a salient machine, two types of
signa response can be used to estimate the saliency position: negative sequence carrier

curent and zero sequence carrier signal (zero sequence carrier voltage for a
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wye-connected machine and zero sequence carrier current for a delta-connected machine)
[GARO7a]. Although it is claimed that zero sequence component based estimation has the
advantage of increased accuracy in the estimated position, and larger estimation
bandwidth due to its insensitivity to the distortion of injected carrier voltage [BRI04]
[GARO74d], it is rarely used since one additional sensor is required to measure the zero
sequence response. Only negative sequence carrier current based sensorless estimation is

discussed here.

3.4.1 Carrier current response

For rotating carrier signal injection, a balanced rotating carrier voltage vector (3.32)

isinjected in the stationary reference frame,

év,,U_  éosal :
e u=Vea. g a=wit] (3.32)
&g esnay
where V, o and ¢ is the amplitude, angular speed and initial phase angle of the injected
carrier voltage.
From (3.16), the differential of carrier current in the stationary reference frame can

be expressed as:

61 1 1 v
PN s— T —CO r+ m —sin |’+ m { A y
6,0 "L, (2, +0) L (2, +dn) &osa .
Pl & 1 11 o cfsnaf O
bh © —Sln(2qr +Qm) T _Cos(zqr +qm) / u
g L, L, L, v

And then, the resultant carrier current response in the stationary reference frame can

be derived as:
el 1. O
£~ a— 1t —CO . ta, —sin(2g, +q,, - .
8,,U_V, ng ) (2 +0n) L, (2, + ) Hesma 0
St W, & e osal
ébhg Wc ? ign(qu +qm) i_ icos(zqr +qm)l'J e Cosa.u
g L, L, L, u
€ P u (3.34)
e u é u
B &l , cosa - %)a al.cos(-a +2, +q, +%)a
=& D ate o U
él,sin@a->)u él sin-a +2q, +q,+—)U
é 2°0 é 2°0

where |, and |, has the same definition as (3.19b).
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Using the form of a complex vector, the injected carrier voltage signal and carrier

current response in the stationary reference frame can be expressed as,

Vipn =V, %€ a =wt +j (3.35a)
iabh - I 0 )ej(a'plz) + In )ej('a+2Qr+qm+p/2) (335b)

From the carrier current response (3.35b), some conclusions can be drawn, as listed

below:

1

3.

The carrier current response consists of two components [RACO08a]. The first termis
a positive sequence component, which has the same rotating speed as the injected
carrier voltage vector; the second term is referred to as the negative sequence
component, which contains the rotor position information in its phase angle.
Consequently, the negative sequence component can be used to track the rotor
position.

The magnitude 1, and |, are machine parameter-dependent and proportional to the
ratio of (Vdwc). Unlike the symmetrical spectrum for pulsating injection, the
spectrum components of positive and negative sequence carrier current are
asymmetrical.

With regard to the negative sequence carrier current component, its phase angle is
modulated by both rotor position 6, and cross-saturation angle 6, Hence, a
load-dependent estimated position error would be generated due to cross-saturation

effect.

3.4.2 Carrier signal demodulation

In order to extract the position dependent negative sequence carrier current from the

total current response, a synchronous reference frame filter (SRFF) is the typical solution

[DEGY8] [RACL1Q].

SRFF uses the frame transformation to center spectral component of interest at DC

(OH2). With the aid of a low pass filter, this DC component can be easily obtained

without phase lag. Conversely, a high pass filter can be used to eiminate this DC

component.
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Assuming a current signal can be expressed as a complex vector in the stationary

reference frame,
o =iy +i, = 1,610 +1 e/t (3.36)

In order to extract the component of i, the current signal is transformed to the
synchronous reference frame, which has the phase angle of (w.t+6), where ¢ is a constant
angular offset.
i ol Cwtd) | ol yeiCatd) | QW) i (-wit-d)
abh 1 - , 2 (3.37)
= |1 >el('d) + I 5 >eJ(W2t'W1t'd)

Applying alow pass filter, and then transforming it back to the stationary reference frame,

the interested component can be obtained without any phase lag,
i]_ = LPF (| o )ej('Wlt‘d)) >ej(W1t+d) — Ilej(‘d) )ej(W:Lt"'d) — Ilej(Wﬂ) (3 38)
a :

Considering the low amplitude of the negative sequence carrier current, the
fundamental and positive sequence carrier current components should be filtered out
from the total current response using a SRFF, and then the negative sequence carrier
current can be obtained from the remaining components using SRFF. The signal

demodulation process is shown below,
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Fig. 3.8 Carrier signal demodulation for rotating injection.

Ic_*' ab

The obtained negative sequence carrier current, in the reference frame synchronous

with estimated negative sequence carrier frequency, can be expressed as,
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7é 2 20 e 2"
_ €@l cos(2Dg +q,)u

&l,sin(2Dg +q,,)

— ?I n Cosqneg l;I
=8 u
eInsmqneg 0
(3.39a)
i.e.,
ineg - In )e](ZDq+qm) - In >ejqneg (339b)

where g is the angular offset of negative sequence carrier current, neg= 2460+ 6. y and ¢
refer to the d- and g-axis components of ineg, respectively.
Normally, the g-axis component ¢ is regarded as the error signal f(46) input to the

position observer [JAN95] [DEG98], i.e.,
f(Dg) =e=1,sn(2Dq +q,,) (3.40)

It is identical to (3.27) for conventional d-axis pulsating injection. Therefore, it is
expected that the same position estimation error (-6/2) due to cross-saturation effect

would be introduced for rotating injection.

3.4.3 Compensation of cross saturation effect

Although the introduced position estimation error due to cross saturation effect can
be directly compensated by adding the load-dependent phase shift (-0,/2) to the estimated
position information [ZHUQ7] [KOCO09], an improved method through modifying the
phase angle of injected carrier signal is developed here.

Equation (3.35) shows that the negative sequence carrier current response is
phase-modulated by both rotor position ¢, and cross-saturation angle 0. To compensate
the position error resulting from cross-saturation effect, the phase angle of injected carrier
voltage can be modified with the cross-saturation angle 6. In this way, the negative
sequence carrier current response will only be phase-modulated by the rotor position.

In the proposed method, the phase angle of injected carrier voltage is modified by:

al=a +q,, (3.41)
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Where, o is the updated phase angle, then the carrier current response can be derived as:
iy = | ) xgl @*n=P/2) 4 I sgl(-a+20,+p/2) (3.42)

In comparison with (3.35), it can be seen that the cross-saturation angle 0, has been
transferred from the negative sequence carrier current to the positive sequence carrier
current. The positive sequence carrier current has no use for rotor position detection.
Therefore, the rotor position is expected to be accurately estimated from the negative

sequence carrier current.

With modified rotating injection, (3.39) can be re-written as,

éu_él, cos(ZDq)u
Nk é (3.43a)
ef &l,sin(2Dg)g
i.e.,
o =1, = el (3.43b)

where Oheg=246. Therefore, f(46) is updated as,
f(Dg)=e=1,sn(2Dq) » 21, :Bq (3.44)

With cross-saturation effect compensation, the block diagram of rotating carrier

voltage injection based sensorless control is shown in Fig. 3.9.
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Fig. 3.9 Block diagram of rotating injection based sensorless control.
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Fig. 3.10 shows the measured 6y in sensored operation mode for conventional and
modified rotating carrier signal injection, respectively. By driving the machine with the
real rotor position information from position sensor (46=0), it can be observed that e
changes with load variation for a conventional signal injection method. However, Gne
remains to be near zero with load variation for the proposed modified injection. From the
experimental results, it clearly reveals that the cross-saturation effect has been

compensated for with the proposed compensation method.
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Fig. 3.10 Comparison between conventional and modified rotating injection in sensored operation.

For the proposed compensation method, the knowledge of cross-saturation angle 6,
is a critical concern. According to the measured incremental inductances shown in Fig.

3.2, 6 can be directly predicted using the definition in (3.13b), as plotted in Fig. 3.11. It



can be observed that the load-dependent cross-saturation angle is quite nonlinear.
Alternatively, 6, can be directly measured from experiment, which is much more
convenient for the practical implementation. From (3.39b), when the conventional carrier
signa is injected and the machine is driven by the real rotor position from an encoder
(46=0), 6m can be directly measured by 6= 6heq. When the specified MTPA control locus
is considered, the load-dependent cross-saturation angle 6, obtained from experiment is
shown in Fig. 3.12. Using a 2nd-order polynomial to fit the measured data, the fitted
curve is highlighted in red in Fig. 3.12. Plotting the predicted and measured 6, in Fig.
3.13, the comparison shows that the measured values are in a good agreement with the

predicted results.
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Fig. 3.11 Predicted cross-saturation angle for the prototype machine.
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Fig. 3.12 Measured cross-saturation angle.
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Fig. 3.13 Comparison of predicted and measured cross-saturation angle.

Fig. 3.14 and Fig. 3.15 show the experimental comparison between the conventional
and proposed rotating carrier voltage injection methods in sensorless control operation.
The current loci are configured to be operating along the MTPA curve. And the machine
speed is configured to be changed from -200RPM to 200RPM. Without compensation of
cross-saturation effect, Fig. 3.14, the estimated position error would reach up to around
30 electrical degrees at full load condition. When the proposed compensation method is
employed, Fig. 3.15, the estimated position error can be constrained within +8 electrical
degrees in the whole operation range. From the experiment results, it can be concluded
that the developed method is quite effective to decouple the position error resulting from

cross-saturation effect.
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Fig. 3.14 Measured step speed response (without compensation).
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Fig. 3.15 Measured step speed response (with compensation).
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3.5 Position Tracking Observer

For rotating carrier signal injection based sensorless methods, the arc-tangent
function (tan™) can be used to calculate the rotor position information from (3.43a)
[TESO3]. The principle is quite straightforward, however, the noise on the signal input to
arc-tangent function has great contribution to the disturbance of estimated position.

Alternatively, a position tracking observer is much more popular in sensorless
position estimation. Appropriate design of the position observer gives good immunity to
disturbance harmonics while keeping the dynamic performance of position tracking.
Although some nonlinear controllers such as bang-bang controllers can be used in
position observer to enhance the dynamic characteristics [JANO4], they have the
disadvantage of giving an unclear steady state response. Therefore, linear PI controllers
prevail in sensorless position observer [HAROO] [CUP10], which are also employed in
this work.

Considering the signal f(46) input to the position observer for conventional pulsating
and rotating injection, the block diagram of position observer including Pl regulator is

shown in Fig. 3.16.

)

\

q, O 21,

Fig. 3.16 Block diagram of position tracking observer.

According to the diagram, the close loop transfer function between the actual rotor
position information and the estimated one can be expressed as,

q° _ 2.k, >xs+2l k (3.45)
q S +21 Kk, xs+21k '

Further analysis of the machine saliency in Chapter 4 shows that the value of I, is

load dependent, hence the parameters of k, and k; for position observer should be on-line
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varied with |, to mantain a constant bandwidth. For simplicity in practica
implementation, however, the parameters of k, and k; can be selected based on the typical
value of I, at no load condition. A few papers address the criteria of selecting the
parameters for a position observer [HAROQ] [SEO06] [CHEL0], alternatively, numerical
simulation provides a quick solution for tuning of the position observer.

Although the bandwidth of the position observer can be adjusted freely based on
(3.45), it has an upper limitation in a practical design due to the filters used in current
measurement and the carrier signal demodulation process [CUP10]. Accounting for the
time lag effect of filters, the equivalent model of a position observer for practical
applications can be depicted in Fig. 3.17. It is difficult to accurately predict the time lag
of the low pass filter, since it is significantly dependent on the demodulation process. It
should be noted that, Fig. 3.17 is only valid when the position estimation error is very
small, since great position estimation error would break the validity of (3.44).

Wy
q, —O—( 21, }>(1PF)—— o

_T f (D)

Fig. 3.17 Block diagram of position observer including low pass filter.

For the prototype system, the typical value of |, is considered as 1,=70mA, the
sampling frequency is configured to be 5kHz. The parameters of position observer are
selected based on the optimal 2nd-order property of ideal close loop (Kp=137, Ki=1250).
Without considering low pass filters, the unit step response and Bode plot of the position
observer can be drawn by Matlab, as shown in Fig. 3.18. It can be seen that the designed
position observer has the rise time of around 17.8ms in unit step response and loop
bandwidth of around 19Hz, which satisfies the criteria present in [SEOC06] [WALO6], i.e.,
Bandwidth(speed) << Bandwidth(position) << Bandwidth(current).
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Fig. 3.18 Simulated dynamic performance of designed position observer.

To evaluate the effect of low pass filters on the dynamic behavior of position
observer, Fig. 3.19 shows the experimentally measured step response of position tracking
observer, in which LPF2 (Fig. 3.7 and Fig. 3.9) with different cut-off frequency is used to

remove the carrier frequency ripple on f(460). Without fundamental excitation, the
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prototype machine stays at standstill. With the aid of optical encoder, manually rotate the
rotor to the position of around -110 degrees, and then invoke the position tracking. It can
be seen that, when the cut-frequency of LPF2 is much higher than designed bandwidth of
position observer (80Hz>>19Hz), the designed position observer has similar dynamic
behavior as theoretical simulation. The estimated rotor position could steadily track the
real rotor position with the rise time of 19ms, similar to the predicted value of 17.8ms
(Fig. 3.18a). A decrease in cut-frequency of LPF2 would lead to the dynamic
performance of position observer being degraded, as shown in Fig. 3.19(b) and Fig.
3.19(c).
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Fig. 3.19 Position step response with different cut frequency of LPF2.

3.6 Comparison between Pulsating and Rotating Injection Techniques

Although a similar principle is exploited to estimate the rotor position information
for both pulsating and rotating carrier signal injection based sensorless techniques, they
have different characteristics due to different carrier signal injection and demodulation

processes. The comparative results between them are shown in Table 3.1.

Table 3.1 Comparison between d-axis pulsating injection and rotating injection.

d-axis pulsating injection rotating injection
Based reference frame estimated synchronous stationary
Carrier voltage injection pulsating carrier voltage rotating carrier voltage vector
Carrier current response amplitude-modul ated phase-modulated
Carrier current spectrum symmetrical asymmetrical

. . . 2 2
Current ripple in g-axis I, - 21,1, cosq, +1;

l,sing,,

(with accurate position) I,- 1,cosq,,
Torqueripple Small Large
Estimation error dueto
Mt . -q,,/2 -q,,/2

cross-saturation effect
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f(40) . .

|, sin(20q + |, sin(2Dqg +
(without compensation) nSIN(20q +4;,) nSN(204 +4,,)

Signal demodulation process simple complex

Sensitivity to inverter
++ ++
nonlinearity effect
Dynamic performance good medium

3.6.1 Carrier current response in time domain

When the prototype machine operates in sensored mode (A6=0), the measured
current response in time domain for d-axis injection technique can be drawn in stationary
and synchronous reference frame respectively, as shown in Fig. 3.20. It can be seen that
d-axis carrier voltage injection generates oscillating d-axis current, but limited current
ripple on g-axis. Idedlly, if the position estimation error is zero, (3.19) shows that d-axis
current ripple has the amplitude of (Ip+1.cosfm), while g-axis current ripple has the
amplitude of (I,.Sinfy).

By comparison, the measured current response for rotating injection technique is
shown in Fig. 3.21. The carrier current locus on synchronous reference frameis of elliptic
form, obviously, more torque ripple would be generated for rotating injection due to more
current ripple on g-axis. From (3.34), the carrier current in synchronous reference frame

can be derived by coordinate transformation,

64U écosqg, sing, ueahu
é 0=¢ a
dnf €& SN, cosq, L@bhg
_écosqy, sing, tél, cos(@a-p/2)+1,cos(-a +2q, +qm+p/2)u
& dng, cosq}Ie sin@ - p/2)+1,sin(-a +29, +q, +p/2) § (3.46)
_élcos@-q,-p/2)+I,cos(-a +q, +q,+p/2)u
_SI sn@ - q, - p/2)+1,sn(-a +q, +q,+p/2)

_icos(qm/2) _Sn(qmlz)udl +I )COS(a. qr lez-plz)l\;I
T &in@,/2) cosg,/2) (I, - 1,)sn@-q,-q,/2-p/2)§

The theoretical analysis implies that the carrier current trgectory in the synchronous

reference frame is of elliptic form, which has a semi-major axis of (I,+1,) and a
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semi-minor axis of (Ip-1n). The most important point is that the elliptic current trajectory

has a major axis leading the d-axis by an angle of 6,/2 due to cross-saturation effect.
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Fig. 3.20 Carrier current response for d-axis pulsating injection (iz=0A, i;=2A, f=4Hz).
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Fig. 3.21 Carrier current response for rotating injection (iz=0A, i,;=2A, f=4Hz).

3.6.2 Carrier current spectral distribution

For pulsating injection, frequency domain analysis shows that spectra components

of carrier current in synchronous reference frame have a symmetrical distribution, as
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shown in Fig. 3.22. While an asymmetrical spectrum for rotating vector injection in the
stationary reference frame can be observed in Fig. 3.23. The different spectral
distributions should be due to different types of the injection signal. Essentialy, the
rotating vector injection method is characterized by asymmetrical injection with a
rotating vector in one direction. The pulsating vector injection method, however, is
equivalent to using two symmetrical rotating vectors, one is rotating in positive direction
and the other one is rotating in negative direction. Furthermore, some harmonic
components exist in the negative sequence range for both pulsating and rotating injection

techniques, which can be explained by multiple saliency effects, and inverter nonlinearity

effect aswell.
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Fig. 3.22 Carrier current spectrum for pulsating injection (igz=0A, i;=2A, f=4Hz).
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Fig. 3.23 Carrier current spectrum for rotating injection (iz=0A, i;=2A, f=4Hz).
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3.6.3 Cross-saturation effect

The influence of cross-saturation effect on saliency based sensorless control has been
well documented by previous studies. The most critical issue resulting from
cross-saturation effects is that a load-dependent position estimation error would be
generated for both pulsating and rotating injection techniques. The introduced estimation
error (6/2) is identical for both forms of injection. Fortunately, the estimation error is
constant for given load condition, hence it can be easily compensated on-line based on
off-line measured or simulated cross-saturation angle (Orm).

With regard to the g-axis current ripple, which results in torque ripple,
cross-saturation effect makes it worse even when the position estimation error is zero. For
d-axis pulsating injection, the cross-saturation effect increases the g-axis current ripple up
to (I,sinfy). For rotating injection, the cross-saturation effect rotates the major axis of
eliptic current locus, which leads to more current ripple on the g-axis. From (3.46), the
current ripple in g-axis can be derived as,

2 2
_I,- 211, cosq,, +1;

| .=
pple
|, - I,cosq,

(3.47)

On the other hand, (3.13b) shows that the value of L, decreases with cross-saturation
effect (Lqgn), Which gives rise to the increase in In. The increase of I, has a positive
contribution to improve the SNR for sensorless estimation. Therefore, the
cross-saturation effect is expected to be helpful to extend the operation range for effective

sensorless control, as will be confirmed and further discussed in detail in Chapter 4.

3.6.4 Carrier signal demodulation

The comparison between Fig. 3.6 and Fig. 3.8 shows that, the carrier signal
demodulation process for pulsating injection is pretty simple and less computational
intensive. Actually, the synchronous detection scheme employed in pulsating injection is
not afull frame transformation [RAC10].

For the case of pulsating carrier signal injection, a gain of less than one (cosd) would
be introduced in the magnitude of the carrier current component due to the digital system

delay. Although it slightly decreases the SNR of the signal, no estimation error would be
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introduced in steady state. For the case of rotating carrier signal injection however, digital
system delay would introduce additional phase lag in the demodulated negative sequence
carrier current component, hence it should be compensated along with other lags.
Regardless of pulsating or rotating carrier signal injection, the fundamental excitation
should be isolated from total current response using SRFF techniques. For d-axis
pulsating signal injection, the LPF for a g-axis current regulator can be neglected since
dominant carrier current exists on the d-axis if position estimation error is sufficiently
small. For rotating signal injection however, a LPF is essentia for both dg-axis current
regulators. There is no doubt that the dynamic performance of rotating carrier signal

injection based sensorless methods would be deteriorated due to the phase lag in the LPF.

3.6.5 Inverter nonlinearity effect

Inverter nonlinearity effect is one of the major sources generating carrier voltage
distortion. In [LINO3] [YAN11], g-axis pulsating injection is proven to be insensitive to
inverter nonlinearity effect, since the magnitude of carrier current is zero when the
fundamental phase current crosses zero. For commonly used d-axis pulsating and rotating
injection, the phase current response under the same load condition and fundamental
frequency are measured, as shown in Fig. 3.24. Thereis no clear evidence to show which

oneis better in terms of sensitivity to inverter nonlinearity effect [RAC10].
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Fig. 3.24 Comparison of phase current (iz=0A, i;=2A, f=4Hz).

3.7 Magnetic Polarity Detection

In sensorless control, it is necessary to identify the initial rotor position prior to
energizing the machine for smooth start-up. The information of initial rotor position
consists of two types of knowledge [NOG98]: the first one is the rotor direction, which
indicates an angle between the reference axis (the winding axis of phase A) and either N

or S pole; the second one is the information of magnetic polarity, which indicates either

the direction of N or S poleis closer to the reference axis.
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Since the machine saliency varies periodically as a second spatial harmonic, the
estimated position information based on machine saliency is rotor direction without
magnetic polarity information, which has an angle ambiguity of z. If the estimated rotor
direction, which is aligned at the south magnetic pole position, is regarded as the rotor
position, the sign of output torque will be changed and the system will be unstable.
Therefore, it is important to identify the magnetic polarity before the drive is put into
operation. Once the polarity information before start-up is obtained, it can be latched and
the estimated initial rotor direction from carrier current response can be used to calculate
theinitial rotor position.

The basic principle for magnetic polarity identification is utilizing the saturation
effect of the machine. A positive d-axis current increases the stator iron saturation,
resulting in a decreased d-axis inductance. It should be noted that the saturation effect in
g-axis is not available for magnetic polarity detection for the reason that the g-axis flux
linkage is an odd function of the g-axis current and has no even-order terms to detect the
magnetic polarity [JEOO5]. Based on finite elemental analysis (FEA), the dg-axis flux
linkages for the prototype machine are shown in Fig. 3.25. The magnetic saturation effect
can be clearly observed on the d-axis flux linkage when positive d-axis current is applied
to the machine.

Considering the effect of magnetic saturation in the stator core, some methods utilize
the inductance measurement by monitoring the di/dt of winding current to obtain the
initial rotor position information including magnetic polarity information [NAKOQ]
[BOUO5]. Consequently, there is no requirement for separate magnet polarity detection
process. However, these kinds of methods require dedicated voltage generation and
current measurement, which are quite different from the conventional one used in high
frequency carrier signal injection based methods. Consequently, it is not popular for
carrier signal injection based sensorless techniques.

In conventional carrier signal injection based sensorless control methods, the rotor
direction can be estimated from the position dependent carrier current response, while the
magnetic polarity information is absent. The magnetic polarity information can be

obtained based on transient short pulses injection [AIH99] [NOG98] [HAQO3] [HOL0§]
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or secondary harmonics due to magnetic saturation effect [HAO3] [KIMO4a] [JEOO5]
[HARO5] [RACO08b] [L1094].
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Fig. 3.25 FEA simulated flux linkage for the prototype machine.
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3.7.1 Short pulsesinjection

After the rotor direction information is obtained from conventional carrier signal
injection based techniques, separate magnetic polarity detection can be performed by
injecting the specified transient pulse signal, which gives rise to stator iron saturation.
Different transient signals can be injected along the estimated rotor direction to examine
the effect of magnet saturation, such as an AC current [NOG98], dual short voltage
pulses [AIH99] [HOLO08§], and arectangular AC voltage [HAQO3].

Among them, dual voltage pulses injection proposed in [AIH99] is the simplest. One
of the pulses aligns with the positive direction of the magnet flux, thus increasing the
magnetization of the stator iron and driving the d-axis incremental inductance into deeper
saturation and lower value. The other pulse, aligning with the negative direction of the
magnet flux, tends to de-saturate the stator iron and leads to increasing d-axis incremental
inductance. The injected short voltage pulses have identical volt-second values, hence the
amplitude of the current response differs as the respective inductance values differ, i.e.,
the current pulse having higher magnitude indicates the positive direction of d-axis. The
basic principle is shown in Fig. 3.26. The electromagnetic torque which occurs with the

pulse voltage injected into the machine is very small, which hardly moves the rotor.
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Fig. 3.26 Magnetic polarity detection using discrete voltage pulses injection.
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Fig. 3.27 and Fig. 3.28 show the magnetic polarity detection for the prototype
machine with dual voltage pulses method. If initially estimated rotor direction from
machine saliency property is equal to the real rotor position (460=0°), the applied positive
d-axis voltage pulse would result in higher d-axis current pulse, as shown in Fig. 3.27. On
the other hand, lower amplitude current response to the positive d-axis voltage pulse
suggests that the estimated rotor direction has an angle shift of = with respect to the real

rotor position information, as shown in Fig. 3.28.
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Fig. 3.27 Magnetic polarity detection with dual voltage pulses (46=0°).

82



200
150

100
50

-50

d-axis voltage (V)

-100 |
-150
-200

1.88A

d-axis current (A)
o

-2.84A

| ' '
B w N

0 20 40 60 80 100
Time (ms)
Fig. 3.28 Magnetic polarity detection with dual voltage pulses (46=180°).

Although the short pulses injection method has robust and reliable identification
performance due to good SNR, it suffers from alittle bit slow convergence time [HOL08].
Even worse, the magnetic polarity identification should be performed as an independent
process, which is difficult to integrate with the sensorless algorithm, thus giving rise to

computational complexity.

3.7.2 Secondary harmonics based method

According to the basic machine model presented before, magnetic polarity
information can not be extracted from the carrier current response; however, the actual
machine is subject to saturation and cross-saturation effect, and the carrier current
response should contain the related information. When the machine saturation property is
considered in the machine model, the resultant carrier current response to the d-axis

pulsating carrier signal injection can be simplified as [JEOQ5],
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g0 @& +1 cos(2Dg+qg.)u . él_ cos’ Dg cosDquU |
éihuzép n S( Dq qm)L;I na+ésat qu . Dqusmza (348)
@qhg e Insn(ZDq-'-qm) u élsatCOS DqSIanO
2 42
where |, = chd "’Zym>0.
2VVC dyd

Compared with (3.19), it can be seen that the secondary carrier current component
(sino) resulting from the interaction between the injected carrier voltage and the
saturation saliency, is effective to identify the magnetic polarity information [HAO3]
[KIMO4a] [HARO5] [JEO05] [RACO8b] [L109a]. From (3.48), the signals related to
magnetic polarity detection can be calculated as follows,

i lyanza = LPF(i&,>sin2a) =0

|
3.49
= LPF(i$ xcos2a) = - %Iwcosqucoqu (3.49)

T dcos2a

Obvioudly, the magnetic polarity information can be detected from the sign of lgcow,. IN
this way, the carrier current component due to primary spatial saliency (sina) is used to
estimate the rotor direction information, while the additional carrier current component
due to magnetic saturation (sin“a) is used to detect the magnetic polarity information.

Although this kind of method has the advantage of quick convergence (25~50ms)
[HARO5], the maor problem is that the magnitude of the secondary carrier current
component for magnetic polarity detection is very low, which gives rise to limited
robustness on the magnetic polarity identification. To solve this problem, some
suggestions are given, which include increasing the magnitude of the injected signal, or
decreasing the carrier frequency during the magnetic polarity detection process for higher
SNR of the carrier current response [JEOO5] [L109a]. An aternative to thisisto employ a
hysteresis controller in polarity detection for noise attenuation [RACO8b].

For the prototype machine, the frequency of the injected carrier voltage signal is
decreased down to 100Hz (35V/100Hz) for effective magnetic polarity detection. The
measured d-axis carrier current and calculated secondary harmonic components are
shown in Fig. 3.29 and Fig. 3.30. With correct polarity alignment, lq4cos2, 1S NEgative, Fig.
3.29; if lqcos24 IS poOSitive, the estimated rotor direction should be compensated by n to

obtain the real rotor position information, Fig. 3.30.
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Fig. 3.30 Magnetic polarity detection based on secondary harmonics (A6=180°).

3.7.3 Proposed method

Considering the limitation of presented methods, this thesis develops a robust
scheme to identify the magnetic polarity for initial rotor position estimation, which can be
easily integrated with the conventional carrier signal injection based sensorless algorithm.

In the conventional d-axis pulsating carrier signal injection based method, the
amplitude of g-axis carrier current is used to extract the rotor direction information, while
the amplitude of d-axis carrier current has not been used in control algorithm. However, it
is proven to be very useful in magnetic polarity detection here, providing position
estimation error is sufficient small, the amplitude of d-axis carrier current in the estimated

synchronous reference frame can be derived from (3.26), as shown below.

re
Idh

=1,+1,cos(2Dg +q,) » |, + 1, cosq, (3.50)
Substituting (3.13b) and (3.19b) into above equation, it can be derived that,

V. Lon

» —< 5
W, Lanbgn - Lagn

re
Idh

(3.51)

Considering the mutual inductance is very small, i.e,. L%qn<<LanLqn Therefore, (3.51)

can be simplified as,

el V.1
Ign| » — %— (3.52)

w, Ly,

C
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For a given injected carrier voltage signal (VJ/wc), the above equation indicates that
the amplitude of the d-axis carrier current is only determined by Lg.. Due to magnetic
saturation, Lgn is significantly dependant on d-axis fundamental current, as shown in Fig.
3.31 for the prototype machine. Consequently, it is possible to identify the magnetic
polarity from the variation of |i%| against d-axis fundamental current.

With the aid of accurate rotor position information from the encoder, the d-axis
current can be measured at different fundamental excitations, as shown in Fig. 3.32. From
the experimental results, it can be concluded that the magnetic polarity can be reliably
detected based on the comparison of |igy| a different d-axis fundamental current levels. It
is also interesting to note that the d-axis carrier current oscillates asymmetrically around
the fundamental current reference, the ripple magnitude along the positive d-axis being a
little bit higher. This can be explained by the fact that the magnetic saturation effect
becomes more severe along the positive d-axis, as shown in Fig. 3.26. In order to
improve the SNR, the proposed method enlarges the saturation effect through applying
different d-axis fundamental current. Consequently, higher reliability of magnetic
polarity detection can be achieved by the proposed method.
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Fig. 3.31 d-axis incremental self-inductance for the prototype machine (Lgp).
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The proposed magnetic polarity detection method can be seamlessly integrated into
the d-axis pulsating carrier signal injection based sensorless control technique, as
depicted in Fig. 3.33. The detailed description about magnetic polarity detection is shown
in Fig. 3.34. It should be noted that no electromagnetic torque must be applied to the
machine during the detection process (i¢=0A). Before the drive is initially started, the
rotor direction information can be obtained from conventional sensorless algorithm
without fundamental excitation (ig=0A, ig=0A), meanwhile, the amplitude of d-axis
carrier current at this condition is recorded (Step 1). The estimated rotor direction either
indicates the correct rotor position, or is shifted by = from the correct rotor position.
Referring to the estimated rotor direction, a given d-axis fundament current reference is
applied to the machine. The fundament current reference of (ig=2A, i=0A) is selected
for the prototype machine. At the same time, the amplitude of d-axis carrier current at
this load condition is also stored into processor memory (Step 2). After that, the
fundament current reference is set back to (ig=0A, i=0A) (Step 3). Finaly, the
amplitude of d-axis carrier current at a different load condition is compared. The increase
of amplitude indicates the estimated rotor direction is at the correct rotor position,

otherwise, the phase shift of = should be added.
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Fig. 3.33 Proposed magnetic polarity detection for pulsating carrier signal injection.
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Fig. 3.34 Flow chart of proposed magnetic polarity detection.

The experimental results shown in Fig. 3.35 and Fig. 3.36 confirm the effectiveness
of proposed detection method. It can be found that the initial rotor position including
magnetic polarity detection can be successfully estimated within 150ms. In Fig. 3.35 and
Fig. 3.36, the estimation process is activated at the time of 50ms. During step 1, the rotor
position without magnetic polarity information is obtained at the fundamental excitation
of (ia=0A, i¢=0A). At step 2, the prototype machine is excited with the fundamental
reference of (ig=2A, ig=0A). Findly, the fundamental excitation is reset to (ig=O0A,
ig=0A) at step 3. During the whole process, the amplitude of the d-axis carrier current is
recorded. At the end of step 3, the magnetic polarity information can be obtained from
the amplitude variation of the d-axis carrier current with the change of the d-axis
fundamental current from OA (step 1) to 2A (step 2). The amplitude increase of the d-axis
carrier current suggests that the estimated rotor position at step 1 is correct, Fig. 3.36,
otherwise, a phase shift of = should be added, Fig. 3.35.

The proposed polarity detection method is also applicable to rotating carrier signa
injection based sensorless technique. The difference is that the comparable parameter
turns out to be the amplitude of the positive sequence carrier current, instead of the
amplitude of the d-axis carrier current for pulsating injection.

Based on the d-axis magnetic saturation effect, the proposed magnetic polarity

identification scheme can be easily integrated with conventional carrier signa injection
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based sensorless technique with slight increase of computational efforts. Compared with
secondary harmonics based methods, the proposed one has the advantage of robust
detection due to higher SNR and less computational intensity. The convergence time of
this method can be further shorted by increasing the bandwidth of d-axis current regulator.
However, it is not encouraged to do so since more carrier voltage distortion may be
introduced by the current regulator with higher bandwidth. Different kinds of magnetic
polarity detection methods are compared in Fig. 3.37.
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Fig. 3.35 Initial rotor position estimation (Real rotor position: 58degrees).
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Fig. 3.37 Comparison between different kinds of magnetic polarity detection methods.
3.8 Conclusions

Carrier signal injection based sensorless methods have the similar principle to a
position resolver. However, unlike the dedicate resolver with the injection frequency of 5
to 10kHz, carrier signal injection based sensorless methods superimpose the carrier signal
on the fundamental excitation, with a standard voltage source inverter, which limits the
carrier frequency and thus the bandwidth of whole system.

This chapter gives a detailed discussion about pulsating and rotating carrier signal

injection based sensorless control methods, including machine high frequency models,
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the signal demodulation process, the position tracking observer and so on. Compared
with rotating carrier signal injection, the d-axis pulsating injection method prevails in
terms of torque ripple, dynamic performance, signal demodulation process, and
implementation complexity. Regarding the sensitivity to inverter nonlinearity effect,
further investigation is needed to provide insight.

Actualy, cross-saturation effect generates the same spatial harmonic order as the
primary saliency (overlapped spectrum), hence the introduced position estimation error is
critical for both pulsating and rotating carrier signal injection. Fortunately, the load
dependant position estimation error is constant for a given load condition, it can be easily
compensated for with the method presented in this chapter. In addition, the study on
carrier current shows that more current ripple would be introduced on the g-axis due to
cross-saturation effect, thus leading to more oscillating torque. However, the increase of
I, due to cross-saturation effect has a positive contribution to improve the SNR for
sensorless estimation.

Magnetic polarity identification is another problem for saliency based sensorless
techniques, since the machine saliency undergoes two cycles in single electrical period.
Based on d-axis magnetic saturation effect, this thesis proposes a robust detection scheme,

which can be easily integrated with conventional sensorless estimation algorithm.
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CHAPTER 4
INVESTIGATION OF MACHINE SALIENCY AND
SENSORLESS SAFETY OPERATION AREA

4.1 Introduction

Machine saliency is essential for saliency-based sensorless control of permanent
magnet BLAC machines. It iswell known that the machine saliency property results from
physical geometric saliency and magnetic saturation as well. The saturation saliency is
closely related to machine load condition, therefore, it is desirable to evaluate the
machine saliency information within the whole operating range before saliency-based
sensorless control is employed.

In practice, machine saliency behavior becomes very complicated due to the
existence of multiple saliency effects. In saliency based sensorless position estimation,
the saliency, which is exploited to extract position information, is known as primary
gpatial saliency; al other saliency components, acting as disturbances in position
estimation, are referred as secondary saliency [RACO8b]. Consequently, higher primary
gpatial saliency and lower secondary saliency would make good attributes for saliency
based sensorless control.

Normally, the primary spatial saliency for interior PM BLAC machines undergoes
two cycles per single electrical cycle; while secondary saliency has a higher harmonic
number. In order to evaluate the primary spatial saliency level, some terms such as
anisotropy ratio [GUGO06], saliency ratio [YAN11], and feasible region [BIAQ74]
[BIAO7b], have been introduced. However, high-frequency parameters of machines under
different load conditions are required for them. Although high-frequency impedance
measurement [JANO4] [YAN11] is claimed to be a good method to investigate machine
saliency property, the impedance calculation from injected carrier voltage and measured

carrier current response is computational intensive. Therefore, one of the purposes of this
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chapter is to develop simplified experimental procedures, from which machine saliency
information can be fully obtained.

Although saliency based sensorless control methods estimate the position
information from machine saliency behavior, they fulfill this task indirectly from the
measured carrier current response by injection of a carrier voltage signal. Therefore, the
measurement error of the carrier current response would degrade the effectiveness of
sensorless detection. With accounting for carrier current measurement error due to
guantization error in the AD conversion, the Sensorless Safety Operation Area (SSOA) is
defined in this chapter, which provides a practical solution to investigate sensorless

effectiveness.

4.2 Machine Saliency Investigation

4.2.1 Commonly used methods

Feasible region [BIAO7a] [BIAO7b], saliency ratio [YAN11], and anisotropy ratio
[GUGO6] are usually used to describe the machine saliency level.

The feasible region is used to evaluate the feasibility of sensorless operation, and is
defined as the region bounded by the curve of (Lg=0) and the current limitation circle in
dq plane, so asto have Lys>0 [BIAQ7a]. In [YAN11], the saliency ratio, which is defined
as Lai/Ls, is used to compare the saliency based sensorless performance for different
machine designs. Meanwhile, the anisotropy ratio with consideration of cross-saturation
effect is introduced in [GUGO6], and is defined as (Lnt+L)/(Li-Lp). Obvioudly, a large
anisotropy ratio means higher saliency level.

Although the foregoing presented terms are convenient to investigate machine
sdliency information, all of them require the machine parameters (incremental
inductances). Hence, they are appropriate in theoretical analysis, instead of practical
application. To avoid the requirement of machine parameters, high-frequency impedance
measurements are utilized in [JANO3a] [Y AN11] for machine saliency evaluation.

The basic principle for impedance measurement can be explained using complex

vector. The machine impedance is represented by
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Z =R+ jX =|zZ|e"* (4.1)
The injected carrier voltage and carrier current response are denoted by

V=N, 1=l (4.2)
Substituting them into Ohm's law,

V=21 =[z|ied ) = el @.3)
Therefore, the machine impedance can be derived as

_}R:Vxl :[\/||I|cos(i v-ji)
i I |

i X =V - R/l

=|Z|cosj z @ 1
where ¢ denotes the dot product operator.

Based on injected carrier voltage and measured carrier current response, the machine
impedance at different rotor positions and load conditions can be calculated according to
(4.4). The machine impedance measurement provides an experimental method to
investigate the machine saliency property, without any machine parameter requirement.
However, the complexity of the impedance calculation leads to more computational load

on the processor.
4.2.2 Experimental evaluation of machine saliency

Considering the limitation of existing methods for machine saliency investigation, it
isdesirable to develop a simplified experimental method to evaluate the machine saliency
information before the development of saliency based sensorless control. An
experimental test was presented in [KIMO4b] [KOCO09] for machine saiency
investigation. This method is extended here to construct a saliency circle, from which the
full machine saliency information including cross-saturation effect can be revealed.

With the aid of a position sensor, the rotor is locked at zero position (6,=0). And then,
a pulsating carrier voltage signal with the form of (4.5) isinjected in the virtual dq axes
(d'g"), which rotates at a fixed speed (2Hz) in clockwise direction, as shown in Fig. 4.1.
For the prototype machine shown in Appendix A, the injected carrier voltage for machine
saliency evaluation has amplitude of 35V and frequency of 330Hz. Meanwhile, the carrier

current response in the virtual dq reference frame can be derived as (4.6).
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Fig. 4.1 Machine saliency evaluation.

Without fundamental excitation, the carrier current response in virtual dqg reference
frame is measured, as shown in Fig. 4.2. The experimental results are in good agreement
with foregoing theoretical anaysis, which clearly shows that high frequency d- and
g-axis carrier current responses have the same phase angle with different amplitude, and
the amplitude of carrier current is modulated by the position difference 46 between
virtual and real dq reference frame. In addition, it can be clearly observed that the d-axis
carrier current amplitude is always greater than zero.

Utilizing synchronous detection techniques, the position dependent amplitude of
carrier current can be obtained, as given by,

iy U VI é
o= LPF(@‘ih@Qsma) =4
lon|g e

I, +1,c08(2Dq +0,,)i

|,sn(2Dq +q,) @

gl
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Fig. 4.2 Measured carrier current responses in virtual dq reference frame
(is=0A, i;=0A).

Fig. 4.3 shows the measured carrier current amplitude using synchronous detection

techniques. When the position difference is 0° or 180°, i.e., the virtual d-axis for carrier
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signa injection is aligned with real d-axis, the d-axis current amplitude reaches the
maximum value, while g-axis current amplitude is close to zero. According to (4.7), it
can be concluded that the cross-saturation angle 6, is nearly zero, i.e, the
cross-saturation effect is negligible without fundamental excitation. Furthermore, the
amplitude modulation of carrier current undergoes two cycles per single electrical cycle

of position, which reveals the angle ambiguity of = in sensorless position estimation.
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Fig. 4.3 Measured variation of carrier current amplitude with position (iz=0A, i;=0A).

4.2.3 Machine saliency circle

When the carrier current amplitude variations are combined together in Fig. 4.4, the
formed circle is designated as machine saliency circle, which clearly shows the machine
saliency information. Corresponding to (4.7), the center location of the machine saliency
circle is determined by the value of I, while the radius of saliency circle is dependent on
the value of I,. According to the definition of 1, and I, (3.19b), for a given injected carrier
voltage signal (V/w¢), the location and radius of saliency circle are only decided by the
machine parameters L, and L, respectively. Therefore, the scale of the saliency circle
indicates the machine saliency level. The longer the radius of the saliency circles, the

higher the saliency level, and vice versa
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In order to investigate the machine saliency information at different load conditions,

a specific fundamental excitation can be applied to the machine. In the same way, the

machine saliency information under different load conditions can be measured, as shown

in Fig. 4.5 - Fig. 4.8. The measured saliency circles for the prototype machine under

different load conditions are summarized in Fig. 4.9.

The experimental results indicate that:

1. The radius of the saliency circle changes significantly with d-axis current, which
reveals that d-axis current makes more contributions to the machine saliency level for
the prototype machine. Positive d-axis current gives rise to higher saliency level,
which is beneficial for saliency based sensorless control.

2. Thevalue of 1, shows atrend of monotonic variation with ig when iq=0A, it increases
significantly with iy variation along the positive d-axis. This characteristic can be
utilized in magnetic polarity detection, which has been discussed in Chapter 3.

3. When ig=0A, cross-saturation angle 6, is close to zero within the current limitation
circle, which means the cross-saturation effect is negligible if i;=0A.

4. The measured cross-saturation angle 6, shows that cross-saturation effect is mostly

connected with g-axis current, rather than d-axis current.
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Fig. 4.9 Summary of measured saliency circles for the prototype machine.

4.3 Multiple Saliency Effect

The machine saliency investigation presented before only reveals the existence of a
single spatial saliency, i.e., Lan and Lgn are constant for a given load condition, and
independent on the rotor position. However, non-sinusoidal spatial distribution of the
reluctance normally exists in a real machine due to the practical design. Hence, L4, and
L4 are associated with rotor position in practice, which can be modeled as a spatial
Fourier series. The spatial saliency for sensorless position tracking is denoted as primary
saliency, while other harmonic components are referred to as secondary saliency [DEG9S]
[RACO08a]. The summation of primary and secondary saliency is known as the multiple
saliency effect. Due to the existence of secondary saliency, additiona carrier current
would be introduced when a high frequency carrier voltage signal is injected into the
machine, which inevitably affects the bandwidth of the position observer, the accuracy of
estimated position information, and even the sensorless operation stability.

Unlike the cross-saturation effect, which introduces constant error in the estimated
position information for a given load condition, the introduced estimation error due to

multiple saliency varies with rotor position. Although it is clamed that the multiple
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saliency effect can be compensated for by a multiple saliency tracking observer [DEG98]
or a structured neural network [GARO7b] [REIOQ8], it is very computationally intensive
due to its nonlinear and position-dependent behavior. Therefore, it is preferred to solve
this problem through appropriate machine design. On the other hand, from the view of
machine control, it is desirable to check the multiple saliency effect before sensorless
algorithm devel opment.

In [KOCQ9], a useful test procedure is presented to evaluate the multiple saliency
effect. With the aid of a position sensor, a high frequency carrier voltage signal is
injected into the accurate d-axis (46=0), while the test machine is slowly spun manually
or by aload machine. At the same time, the amplitude of the dg-axis carrier currents can
be calculated based on the measured currents. Without the multiple saliency effect, the
amplitudes of dg-axis carrier currents can be derived from (3.26),

gldh‘u él,+1,cos(2Dq +q,)u_é , +1,c08q,,)u

(4.8)
slg & l.sn@Dg+q,) 8 ¢ sin,)
In this case, the amplitudes of the dg-axis carrier currents are independent on the rotor

position. When a dominant secondary saliency is considered, (4.8) can be updated as
é, +1,008(0,) +1,,cos[(2- h)g, - Dj ]

[RAC10],
[
U= @
|qh

. : . (4.9)
g & l,8n@,)+1,sn[2-hg,- D]

where the component with I, is the position dependent disturbance due to secondary
saliency, h is the harmonic order of dominant secondary saliency (h#2), and 4¢ is the
initial phase difference between primary and secondary saliency. It should be noted that
the cross-saturation angle 6, is constant for a given load condition, and isn’t affected by
the rotor position information. From (4.9), it can be predicted that the unwanted ripple
component would be generated by the multiple saliency effect.

Experiment result for the prototype machine is shown in Fig. 4.10, in which the
green line indicates the measured rotor position information from an encoder. Since the
rotor is spun manually, the rotor speed is not constant. It clearly reveals the existence of
multiple saliency even at the no load condition. The variation of carrier current amplitude

at different load conditions can be depicted against the rotor position, as shown in Fig.
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4.11. The ripple term has the frequency of 6 times to fundamental frequency, which
reveals that -4th or/and 8th harmonics are dominant. From (4.9), the dc component of
g-axis carrier current amplitude is determined by (I,sindy,). Hence, the positive value
indicates positive 6, and vice versa. Fig. 4.11 shows 6y, has a near zero value at the
condition of (i=0A,iq=0A), while a positive value at i;=2A and a negative value at
ig=-2A. It isin a good agreement with the experimental result shown in Fig. 4.6. From
Fig. 4.11, different ripple amplitude can be observed at different load conditions, which
reveals that the multiple saliency effect is al'so connected with load condition.

Further analysis should be made to check how much the multiple saliency effect
would affect the sensorless position estimation. With considering the multiple saliency
effect, the maximum error of position estimation can be predicted asin [RAC08a)],

Dq :%sin'l(llﬂ) (4.10)

The value of |, can be directly measured from the ripple component on ig, in Fig. 4.11.
Regarding to I, previous experimental results show that it is quite nonlinear for different
load conditions for the prototype machine. Taking the load condition of (i4=0A, i;=2A) as
an example, in this case, 1,~64mA, 1,,~8mA, and then, the maximum error due to multiple

saliency effects can be calculated from (4.10), as given by,

Dg :%sin'l(llﬁ) »%sin‘l(%) » 3.6° (4.11)

n

Consequently, although the multiple saliency effect does exist in the prototype machine,

it can be neglected in this work due to limited estimation error.
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Fig. 4.10 Position dependent anisotropy (iz=0A, igz=0A).
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Fig. 4.11 Multiple saliency evaluation for the prototype machine.
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4.4 Sensorless Safety Operation Area

It is well known that, the higher the machine saliency level, the better the saliency
based sensorless operation performance. Nevertheless, there is no univocal definition
about the requirement of saliency level for practical sensorless operation.

Feasible region gives a theoretical analysis on the sensorless feasibility [BIAQ74]
[BIAQ7D]. It can be interpreted as the area, in which Lgy# 0, i.e., [,>0. For the prototype
machine used in this work, the contour map of Ls can be drawn in Fig. 4.12. According
to the definition, the feasible region is the whole current limitation circle (shaded area),
which is independent of the characteristics of the injected carrier signal. However, the
real effective areafor sensorless operation is significantly smaller than the feasible region,
for the reason that I, should be high enough to avoid the influence of carrier current
measurement error [JANO3b] [GARO7a], especidly the quantization error from the AD
converter. Consequently, the Sensorless Safety Operation Area (SSOA), which accounts
for the carrier current measurement error due to quantization error in the AD conversion,

isintroduced here to investigate the effectiveness of sensorless operation.
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Fig. 4.12 Feasible region for the prototype machine.
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4.4.1 Quantization error in AD conversion

Before defining the SSOA, it is useful to discuss the effect of quantization error in
AD conversion. In genera, the current sensors designed for fundamental current
measurement are also used to measure the carrier current in order to reduce the system
cost. Therefore, the resolution of the measured carrier current component is under the
worst condition. The effect of quantization error due to AD conversion in the pulsating
injection-based method has been discussed in [JANO3b]. In a similar way, the same
conclusion can be drawn for the rotating injection-based method.

As shown in Fig. 4.13, it is assumed that the current value of 2l, is scaled to be the
full range of the AD converter with the resolution of N bits. Then, a parameter of

guantum current can be defined as:

l =21, /2" (4.12)

q
Therefore, the phase current measurement error due to the quantization error in AD

conversion can be expressed as:

(4.13)

A ADC value

2N

> i(A)
_|p

Fig. 4.13 Limited resolution of AD conversion.

Based on the definition of space vector theory, the disturbance current vector due to

current measurement error can be expressed as:
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2 j2p/3 jdp /3
IAD_error zg[es +eSeJ P -I_esej P ) (4.14)

It indicates eight vectors (including two zero vectors) in the stationary reference
frame, as shown in Fig. 4.14. The non-zero disturbance current vectors have identical
magnitude of 214,/3. Due to its random frequency, the estimation error resulting from AD
guantization is difficult to be compensated for. Under the worst case condition, the
disturbance current vector lies on the g-axisin the estimated synchronous reference frame
for pulsating injection, or the g-axis in the reference frame which is synchronous with the
estimated negative sequence carrier frequency for rotating injection, and in turn the

resultant position estimation error is the maximum, given by
l,sin(20qg,p) =21, /3 (4.15)
Then the max position estimation error is derived as

1. .20,
=+ —)/1 4.16
DY, =4SN [(2)/1,] (.16

Fig. 4.14 Disturbance current vector due to quantization error.

From (4.16), the relationship between 460 and |, can be depicted in Fig. 4.15, in
which I, is expressed as a per-unit value with reference to |y, It can be observed that the
position estimation error due to AD quantization decreased considerably with the

increase of |, when |, is small. However, the estimation error tends to saturation for

higher I,.
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Fig. 4.15 Estimated position error due to ADC quantization error.

4.4.2 Sensorless safety operation area

Providing the position estimation error due to AD quantization should be constrained
within +2.5 electric degrees, then from (4.16) the requirement of |, can be derived as

(4.17), which is highlighted in Fig. 4.15.
21y,
| n— (T) /Sln(ZDq) 3 7.65I qu (417)

With the definition of 1, (3.19b), (4.17) has an aternative form, as given by:
L, EV /(7.65w,l ) =L, (4.18)

where, L, is designated as the boundary inductance.

The SSOA in dq plane for effective sensorless operation can be defined as the areain
current limitation circle, in which L, < L. Meanwhile, the SSOA can be interpreted as
the area, in which 1,> 7.65lq,, instead of I,> O for the feasible region. As a result, the
SSOA is determined by the machine saliency level (L), injected carrier voltage signal
(Vdwc), and the resolution of current measurement (Iq).

Since the value of L, is load-dependent, it is useful to plot its contour map in the dqg
plane, as shown in Fig. 4.16. In which, the current locus of the MTPA control is indicated

by the solid red line, while the current limitation circle is shown by the dashed blue line.
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In this work, the current value of 23A (-11.5A to +11.5A) is scaled to the full range

of the 12 bit AD converter. From the foregoing analysis, it can be obtained that:
i1, =2 115" 10°/2% =5.62(mA)
I 1,3 7.651, = 43.0(mA) (4.19)
UL £V, /(7.65W,] ) =395(mH)

In Fig. 4.16(a) and Fig. 4.16(b), the grey areas inside the current limitation circle, in
which L, < 395mH, is the predicted SSOA for the prototype machine with the injected
signal of V=35V and f.=330Hz. Fig. 4.16(a) and Fig. 4.16(b) show the contour map of L,
without/with consideration of the cross-saturation effect. According to the definition of L,
(3.13b), the cross-saturation effect decreases the value of L, which results in the
extension of SSOA to some extent. With the aid of cross-saturation effect, it can be seen
from Fig. 4.16(b) that the whole MTPA trgjectory is inside the SSOA. In the same way,
the predicted SSOA for different injection signals can be summarized in Table 4.1. It
clearly indicates that the SSOA shrinks with the decrease of carrier voltage amplitude, as
shown in Fig. 4.16(c) and Fig. 4.16(d). It is worth noting that the SSOA is not completely
symmetrical with respect to the line of zero g-axis current, which implies that the

estimated rotor position in the case of negative g-axis current is slightly more accurate.

Table 4.1 Predicted SSOA for the Prototype Machine.

Injected signals In (MA) L (mH) Boundary point at iq=2A
V=35V / f.=330Hz > 43 <395 ig=-1.0A
V=20V / f:=330Hz >43 <226 ig=0.3A

V=10V / f=330Hz >43 <113 ig= 1.8A
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4.4.3 Experimental validation of SSOA

To validate the SSOA for rotating and pulsating carrier signal injection based
techniques, the prototype machine operates in sensored mode, and the g-axis current is
fixed to 2A, while the d-axis current is changed from -3.5A to 3.5A (inside the current
limitation circle). The cross-saturation effect has been compensated using the methods
proposed in Chapter 3. Hence, the remaining estimated position error can be attributed to
the quantization error in the AD conversion.

In Fig. 4.17 - Fig. 4.19, the amplitude of injected carrier voltage is different, while
the carrier frequency is identical, being fixed to 330Hz. The solid red lines indicate the
boundary of SSOA defined by (I,>43mA), in Fig. 4.17, the boundary point of SSOA for
(Ve=35V, fc=330H2) lies at (i4=-1.0A, i=2A), the same as the calculated point shown in
Table 4.1. The same conclusion can be drawn from Fig. 4.18 and Fig. 4.19. Regardless of
the amplitude of injected carrier voltage, it can be observed that 1, increases nonlinearly
with an increase of ig for a constant g-axis current (i=2A), which is in accordance with
the decrease of L, along the line of i;=2A, Fig. 4.16(b). Meanwhile, it can be observed
that the estimated position errors reduce with the increase of I, for both rotating and
pulsating injection-based techniques, which results in the fact that the resultant position
error is connected with I, due to quantization error in the AD conversion. On the
boundary of SSOA, the estimated position errors for pulsating injection reach nearly the
same level of around +2.5 electric degrees for different injection signals, which is in
accordance with previous analysis. However, the estimated position errors on the
boundary of SSOA for rotating injection seem to be a little higher, which may be caused
by different signal demodulation processes. Finaly, the experimental results show that
the SSOA shrinks significantly with the decrease of V., asindicated in Fig. 4.16.

It isworthwhile to point out that it does not mean that the machine could not perform
with sensorless operation outside the SSOA. Actually, the SSOA for sensorless operation
defines a working area in the dqg plane, in which the machine can work in sensorless
mode with a guaranteed performance in steady state, i.e. the position estimation error in

steady state due to quantization error can be limited to a narrow range. Besides the
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machine saliency level (Lp), the definition of SSOA also considers the characteristics of
injected signal (Vd/w¢), and the resolution of current measurement (l4,). Consequently, for
the specific prototype machine and given current measurement resolution, the proper
injected carrier signal should be selected carefully to make sure that the whole working
trgectory isinside the SSOA.

4.4.4 Sensorless operation performance

Fig. 4.20 shows the dynamic performance of experimental system in sensored
operation mode. The reference speed is changed from zero to 100rpm to -100 rpm. Fig.
4.21 and Fig. 4.22 show the same process of rotating injection based sensorless scheme
with cross-saturation compensation for different magnitudes of injected carrier voltage.

From Fig. 4.16, it depends on the injected carrier voltage signal whether the MTPA
trajectory locates inside the SSOA. In the experiments shown in Fig. 4.21, a rotating
carrier voltage with magnitude of 35V and frequency of 330Hz is applied. In this case,
the whole MTPA tragjectory is within the SSOA, as shown in Fig. 4.16(b). Hence, the
sensorless performance is guaranteed in both transient and steady state. Although the
maximal estimated position error reaches up to +10 deg during the whole process, the
estimated position error in steady state can be limited to +5 deg. In addition, the speed
tracking behavior in Fig. 4.21 is as good as the one of sensored operation in Fig. 4.20.

As shown in Fig. 4.22, when the amplitude of injected carrier voltage decreases to
10V, the boundary curve for SSOA is L, < 113mH. Fig. 4.16(d) shows that the MTPA
trajectory lies outside of the SSOA entirely for this case. However, as mentioned before,
it does not mean that the machine could not perform with sensorless operation outside the
SSOA. Actually, the sensorless estimator may still track the rotor position in steady state
with relative large position error and deteriorated performance, athough it is more likely
to fail to do so in the transient state. By way of example, the experimental result in Fig.
4.22 shows that the estimated position error in steady state rises up to +£10 deg. for the

decreased voltage magnitude of injected carrier signal.
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Fig. 4.17 Measured SSOA (Vc=35V, fc=330Hz).
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120



Position error (Elec. Deg.) I, (MA)

Position error (Elec. Deg.)

300

SSOA

240 [ > rrrrrr

18A —

180

120

-40 -30 -20 -10 0.0 1.0 20 3.0 4.0
D-axis current (A)

(a) Measured I,,.

-40 -30 -20 -10 00 1.0 2.0 30 40
D-axis current (A)

(b) Estimated position error for rotating injection.

40

1.8A —| sS0A

2 —>

-20

-40 -30 -20 -10 00 10 20 3.0 40
D-axis current (A)

(c) Estimated position error for pulsating injection.

Fig. 4.19 Measured SSOA (Vc=10V, fc=330Hz).

121



Measured speed (Hz) Reference speed (Hz)

Q-axis current (A)

=
o

5
0 .
5 .
-10
0 1 2 3 4 5 6 7 8 9 10
Time (s)
(a) Speed reference.
10
5 - it \
0 .
5 .
-10
0 1 2 3 4 5 6 7 8 9 10
Time (s)
(b) Speed response.
5
0
P R ot st
5
0 1 2 3 4 5 6 7 8 9 10

Time (s)
(c) g-axis current response.

Fig. 4.20 Measured step speed response for sensored operation.

122



10

N
< 5
e)
(]
(0]
o
2 o . -
(]
(&)
g
g B :
§3)
@

-10

0 1 2 3 4 5 6 7 8 9 10
Time (s)
(a) Speed reference.
10

Measured speed (Hz)
o

-10
0 1 2 3 4 5 6 7 8 9 10
Time (s)
(b) Speed response.
5
<
5
= kil btk At aaiaal |
8 TR Jent P . * M
(2]
g
o
5
0 1 2 3 4 5 6 7 8 9 10
Time (s)
(c) g-axis current response.
30
S
Q
a
s
o plsdiiment b
c
o
@
o
o
-30
0 1 2 3 4 5 6 7 8 9 10

Time (s)
(d) Position estimation error.

Fig. 4.21 Measured step speed response for sensorless operation (35V, 330Hz).
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Fig. 4.22 Measured step speed response for sensorless operation (10V, 330Hz).
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45 Conclusions

The machine saliency property is vital for saliency based sensorless control
techniques. After reviewing the existing methods for machine saliency investigation, this
chapter presents a simplified experimental procedure to evaluate the machine saliency
information, including magnetic saturation, cross-saturation and multiple saliency effects.

Unlike the cross-saturation effect, multiple saliency effect generates harmonic
component in the vicinity of the primary saliency component (adjacent spectrum), which
eventually introduces position dependent estimation error in the sensorless control.
Although some compensation method is claimed to be effective to compensate multiple
saliency effect, it is very computationaly intensive due to the load-dependent and
position-dependent behavior of the multiple saliency effects. Therefore, it is suggested
that a better try to suppress multiple saliency effect through appropriate machine design.

Machine saliency behavior is an important factor for the feasibility of sensorless
operation. However, it is proven that the sensorless effectiveness is also associated with
the characteristics of the injected signal (VJ/wc), and the resolution of current
measurement (lq,). With accounting for the quantization error in AD conversion, the
chapter defines the SSOA for sensorless effectiveness investigation based on Ly or I,.
With consideration of the machine saliency level, the characteristics of injected carrier
voltage signal and current measurement resolution, the SSOA defines a working area in
dg plane, in which the machine can perform sensorless operation with guaranteed
performance in steady state. According to the definition of SSOA, a proper injected
carrier signal can be selected for the specific prototype machine and current measurement

resol ution.
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CHAPTER 5
COMPENSATION OF INVERTER NONLINEARITY EFFECTS
IN ROTATING CARRIER SIGNAL INJECTION BASED
SENSORLESS CONTROL

5.1 Introduction

For carrier voltage signal injection based sensorless control, the carrier current
response is the major concern for position estimation. In a practical implementation,
however, many nonlinear effects of both the machines and drives exert negative impacts
on the carrier current response, eventually deteriorating the sensorless performance. In
order to improve the accuracy of estimated rotor position, it is desirable to understand the
sources of noise that distort the carrier current response. These disturbance factors can be
classified into three categories [GARO7]: 1) distortion of injected carrier voltage, 2)
additional carrier current components resulting from cross-saturation and multiple
saliencies, 3) errors in the carrier current measurement. Regarding the distortion of
injected carrier voltage, the reaction of the current regulator to the carrier current
components is one of the sources of distortion. By use of a LPF and the appropriate
configuration of the current regulator, the voltage distortion coming from current
regulator can be effectively suppressed, which is mentioned in Chapter 2. On the other
hand, inverter nonlinear behavior plays a significant role in the distortion of injected
carrier voltage [GUEQS].

Inverter nonlinearity effects consist of several factors: deadtime, gate drive circuit
delays, switching on and switching off delay, parasitic capacitance effect, voltage drop in
semiconductors, zero current clamping effect, short pulse suppression and so on. In
summary, inverter nonlinearity effects can be viewed as a disturbance voltage generator,
as shown in Fig. 5.1. The voltage distortion introduced by inverter nonlinear properties

consists of fundamental and high-frequency components. The fundamental disturbance
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voltage, which leads to fundamental current distortion, has been well documented in
previous research work [CHO96] [HOL94] [HWA1Q]. For carrier signa injection based
sensorless techniques, however, the introduced high frequency disturbance voltage is the
more important factor, which results in additional carrier current components, eventually

giving rise to significant position estimation error [GUEOQS].

uhf
Current Uy, U,
Inverter
nonlinearity
effects i

dq
A LPF

4[ Position estimator SRFF

Fig. 5.1 Voltage distortion generated by inverter nonlinearity effects.

®

a:

In order to suppress the negative effects of inverter nonlinearity on sensorless control,
some efforts have been made to compensate for them. Compared with voltage source
inverters, the matrix converter is clamed to be a good candidate for its nearly linear
characteristic on voltage generation [ARIO06]. For standard voltage source inverters, the
common methods for solving this problem include,

1) Pre-compensation. The introduced HF disturbance voltage can be estimated on-line
based on the distortion factor [CHOQ7], the physical characteristics of inverters
[YUAO9] or a closed-loop voltage disturbance observer [YUAQ9], and then the
inverter nonlinearity can be pre-compensated by adding the estimated disturbance
voltage to the voltage command. However, the requirement of instantaneous carrier
current makes these methods very sensitive to the carrier current measurement error.

2) Post-compensation. A compensation strategy termed as space modulation profiling,
which identifies the carrier current distortion using a 2-dimensional lookup table, is
claimed to be effective in suppression of inverter nonlinearity [TES03]. Nevertheless,

it is very time intensive to construct the lookup table.
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3) Suppression of inverter nonlinearity. For pulsating injection based sensorless control,
the g-axis pulsating injection scheme can prevent the origin of HF voltage distortion
by making the HF current magnitude zero at every fundamental zero-crossing point
[LINO3] [CHOO08]. Unfortunately, this scheme is not applicable to the rotating
injection based sensorless method.

This chapter is focused on the investigation and compensation of inverter
nonlinearity effects in rotating injection based sensorless control methods. As will be
shown by theoretical analysis and experimental measurement, the positive sequence
carrier current distortion resulting from the inverter nonlinearity effects is proven to be
helpful to compensate for the influence of inverter nonlinearity on position estimation.
Hence, utilizing the distortion of the positive sequence carrier current to compensate for
the distortion of negative sequence carrier current, a post-compensation scheme is
developed. The proposed method can be easily implemented on a standard voltage source
inverter without any off-line commissioning process or hardware modification.
Experimental results confirm the effectiveness of the proposed method in suppressing the

influence of the inverter nonlinearity effects on the position estimation.

5.2 Inverter Nonlinearity effects

Although the deadtime effect [CHO96] [HOLO5] [HWA10] has been widely
reported as the important factor in inverter nonlinearity, it is worth emphasizing that the
inverter nonlinearity is also associated with the inherent characteristics of power devices,
including the switching on and switching off delays, gate drive circuits delay, voltage
drop in the power devices [CHO96], parasitic capacitance effects [QIA95] [GUEQS],
zero-current clamping effect [CHO95] [GUEQ5] and so on. In carrier signal injection
based sensorless techniques, the deadtime and parasitic capacitance of semiconductors

have been proven to be the major source causing carrier voltage distortion [GUEQ5].
5.2.1 Switching on and switching off delay

Due to the inherent characteristics of power devices, atime delay exists from when

the power device is commanded to switch, to its effective fulfillment. The switching on
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time ton, means the time delay from the turn-on gate drive signal of the power device to
the fully conducting state. The switching off time ty can be defined in a similar way. In
general, the switching on and switching off times are constrained within several hundred
ns, however, the switching off time is considerably determined by the parasitic
capacitance of power devices when the machine phase current is below a specific level,

which will be discussed later.

5.2.2 Gate drive circuits delay

In general, a gate drive is required to amplify the PWM control signals to drive the
power devices as soon as possible. Inevitably, some additional time delay would be
introduced, especially when opto-couplers are employed in gate drive design. Combining
the inherent switching on and switching off times, the power devices turn-on delay tq,
and turn-off delay tqg, are nearly constant and independent of the motor phase current

under normal circumstances.

5.2.3 Deadtime

Considering the inherent turn-off delay of power devices, the deadtime is essential to
avoid a shoot-through fault. When the two power devices in one phase leg are switched,
the deadtime ty must be inserted to guarantee the device commanded to turn off has been
switched off effectively, before the counterpart is commanded to turn on. Together with
turn-on and turn-off delay, an error voltage pulse would be generated due to the
unwanted time delays, as shown in Fig. 5.2 and Fig. 5.3. It should be noted that the sign
of the error voltage pulse is opposite to the current polarity. The introduced terminal
voltage error can be averaged in one PWM period, as given by,

+t,, - t

u

th :Vao - Va:o =- Slgr](ls) >{Jdc tdt “=- Slgn(ls) DU (5.1)

where is is the phase current, Uy is the DC bus voltage, and Ts is the PWM period.
Obvioudly, since 4U is constant for given DC bus voltage and PWM frequency, the
average terminal voltage error is only determined by the related phase current polarity,

instead of current amplitude.
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5.2.4 Voltage drop in semiconductors

There exists voltage drop in the semiconductors when the motor current flows
through it. Generally, the voltage drop in the active switch and freewheel diode can be
modeled as,

\IVce :VOSO + Rce )q.S

i, _ . (5.2)

Tvd _Vdo + Rd >qs

Where, Vo and Vy, are the threshold voltage of active switch and freewheel diode, Re.e

and Ry is the equivalent on-state resistance of the active switch and freewhedl diode.
Approximately, the average voltage error induced by the voltage drop in

semiconductors can be expressed as [CHO96],

+Vd0 _ RCG + Rd >q (5 3)
2 2 °

The above equation shows that the voltage drop in semiconductors comprises two

V. » - Sgn(ls) VVCEO

drop

terms: the first term has the same property as deadtime effect, and the second term acts as
a stator resistor. Therefore, the second term can be used to construct an equivalent stator
resistance which includes actual stator resistance and equivalent resistance of power

devices.
5.2.5 Zero-current clamping effects

For the machine excited only by the fundamental current, zero-current clamping
tends to occur whenever the phase current crosses zero [CHO95], as shown in Fig. 5.4.
Although it has been reported that the effect of zero-current clamping is the main
contributor to carrier signal distortion in high-frequency signal injection based sensorless
control [CHOOQ7] [CHOOQ8], zero-current clamping can not be observed when the
high-frequency carrier signal is injected into the machine [GUEO5], as shown in Fig. 5.5.
The reason may be that the carrier voltage superimposed on the fundamental voltage
results in multiple zero-crossings in the phase current when the fundament phase current
is close to zero, hence the phase current hardly stays in zero region for a long time,

eventually making zero-current clamping unclear. As a result, efforts for compensating
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zero-current clamping effects in conventional compensation methods [CHO95] is not

expected to suppress the carrier voltage distortion.
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5.2.6 Short pulse suppression

For PWM generation, the voltage pulse width becomes narrow with increasing
voltage command. When the voltage pulse width is shorter than the deadtime, it would be
suppressed to decrease the power devices switching loss. Since high-frequency carrier
signa injection based sensorless control is only employed at lower speed ranges, where
the command voltage is far away from the inverter voltage limits, short pulse suppression

isnot a problem in this case [GUEO5].

5.2.7 Parasitic capacitance effects

The parasitic capacitance of power devicesis shown in Fig. 5.6, in which the current
flow path for positive current is indicated by the dashed line. When the current is
transferred from the free-wheel diode to the IGBT, it can be accomplished immediately.
The reason is that IGBTs are active switchers, whose turn-on can provide a low
resistance path for immediate charging or discharging of parasitic capacitance.
Conseguently, the termina voltage slope is fairly steep and amost independent on the
current level, as shown by the rising edge in Fig. 5.7b and the falling edge in Fig. 5.8b.
However, a different phenomenon can be observed in the current transferring from the
IGBT to the free-wheel diode, which is initialized by the switching off of IGBT. The
falling edge in Fig. 5.7b and the rising edge in Fig. 5.8b show the terminal voltage slope
in this case. Due to the parasitic capacitance effect, the slope of the termina voltage is

significantly dependent on the current level [QIA95] [CHO95] [GUEO5] [SAL11].
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Fig. 5.6 Current flowing paths with consideration of parasitic capacitance (is>0).
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In order to obtain the relationship between termina voltage error and phase current,
the measured data under the condition of 2.0us deadtime, 10kHz PWM switching
frequency, and 150V DC bus voltage can be used to construct the curve, as indicated by
the solid linein Fig. 5.9. It can be found that the terminal voltage error tends to saturation
at higher current level, and the saturation value AU is about 2.6V for 2.0us deadtime. The
value of AU is determined by the deadtime for a given DC bus voltage and PWM
frequency, and it would rise to 5.6V for 4.0us deadtime for example. At lower phase
current, however, the termina voltage error is significantly dependent on the
instantaneous current level, and the parasitic capacitance. The lower the parasitic
capacitance, the steeper the slope of terminal voltage error. Without parasitic capacitors,
the slope-change behavior of terminal voltage error at lower current level would become

a step-change at the zero current point.

3.0 15
S 20 - 112
2 AU \
s 10 I 19 ~
> | €
£ 00 i 6 S
Ele M =
€ 40 ; K‘ g &
g ’ | \ AU
L 2.0 - .| 0

3.0 -3

4 3 2 a1 0 1 2 3 4

Phase current (A)

Fig. 5.9 Measured terminal voltage error (t5=2us, V4:=150V).

In carrier signal injection based sensorless techniques, the total current response
consists of fundamental and carrier current components. Hence, the terminal voltage error
can be expressed as:

Du,, = (i) = iy +iy) (5.4)

where, iy isthe total phase current, iy is the fundamental current component, and ix, isthe
carrier current components. When the carrier current is much smaller than the

fundamental current, the above equation can be approximated as:
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Du,, » f(i,¢)+ £(i,)i,, »-sign(i, ) > DU - R iy, (5.5)

where Ry, is designated as the equivalent HF resistance of the inverter,
Ry =- i) (5. 6)
Based on (5.6) Re, for a deadtime of 2.0us in the prototype machine drive system, is
calculated and shown by the dashed line in Fig. 5.9. It can be concluded that the
equivaent HF resistance of the inverter, determined by the characteristic of terminal
voltage error, is an extremely nonlinear resistance. For the current higher than 0.5A, Ry,
becomes nearly zero, which implies that the equivalent HF resistance of the inverter only

exists near the zero-current region and reaches its maximum value at zero fundamental

current.

5.3 Voltage Distortion Introduced by Inverter Nonlinearity Effects

5.3.1 Model of voltage distortion

In order to model the inverter nonlinearity, it is desirable to transfer the terminal
voltage error to the phase voltage error. For a three-phase system with wye-connection,

the terminal voltage can be expressed as:

_Tl_uao =Uu, tu
iubo :ubs+u
[ .
fUg, =Ug +U

(5.7)

Ed
*

0
*
el

Where uys*, Ups*, and u.s* are the phase voltages, and usx* is the machine neutral point
voltage. For a balanced load without consideration of third harmonics, the phase voltages

are constrained by,
U, +u,+u, =0 (5. 8)
Then the machine neutral point voltage is therefore obtained as,
* 1 * * *
U, = é(uao + Uy, + uco) (5.9)

The combination of (5.7) and (5.9) gives,
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.I.u Zuao - Uy, - Uy

| Yas — 3

.I' * *

T . -u,+2u_ -u

ju,=—=2 bo oo (5.10)
o 3

|

.I. “Up - Uy t 2uco

iU = 3

|

Therefore, the phase voltage with consideration of terminal voltage error can be

represented by,

: u. = 2uao - Uy - Uy + 2Duao - I:]Jbo - Duco

as
.I: * 3 * * 3
lU _ " Upt 2ubo - Uy + - Duao + 2Dubo - I:]"lco (5.11)
1Mo = 3 3 '
-I-
':'U - Up = Uy * 2u00 + - Duao - I:]"lbo + 2Duoo

cs

0 3 3

As aresult, the phase voltage error can be obtained from measured termina voltage error,

given by,

= 2|:l‘lao - Dubo - Duco

&

N

as as as 3

% IJ'lbs = Uy - u;;s =- D'Iao s Z?Jbo - DJCO (5.12)
i

. . _ . +

imcs - ucs _ ucs — Duao Dl3'lbo ZDJCO

Therefore, the terminal voltage error and phase voltage error can be calculated from

(5.4) and (5.12) respectively, as depicted in Fig. 5.10, in which, the fundamental

component is highlighted in red. It can be clearly seen that the voltage error consists of

both fundamental and high-frequency components.

According to the definition of space vector, the disturbance voltage vector due to the

inverter nonlinearity can be expressed as,

DU = 2(Du,, + Du, /% + Du, e/ ")

_ %(Duao +DU, i3 4 Du,, ,ej4p/3) (5.13)

=Du; +Du,

where Ay is the fundamental disturbance voltage component, and Au, is the

high-frequency disturbance voltage component, as defined by,
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-1|;Duf =- gDU[sign(iaf)+Sign(ibf)>e12p/3+Sign(icf)>ej4p/3]
|
+Duh a §[Rah Mo + Ry Hy, PP+ Ry A el

(5.14)
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Fig. 5.10 Voltage distortion Introduced by inverter nonlinearity effects.



5.3.2 Fundamental voltage distortion

According to the definition of fundamental disturbance voltage vector, six
fundamental disturbance voltage vectors, which have identical magnitude of (44U/3), can
be plotted in the stationary reference frame, as shown in Fig. 5.11, in which, the whole
a-f plane is separated into six regions, indicated as S1~S6 [HOL 94] [KIMO03]. Dependent
on the region where the fundamental current vector stays, the specific distortion voltage

vector isintroduced by inverter nonlinearity effects, aslisted in Table 5.1.

AD

Fig. 5.11 Disturbance voltage due to inverter nonlinearity effects.

Table 5.1 Fundamental disturbance voltage vectors

Current sectors | Fundamental current vector position| Disturbance voltage vectors
S1 330° ~ 30° od
S2 30° ~ 90° oe
S3 90° ~ 150° of
A 150° ~ 210° oa
S5 210° ~ 270° ob
S6 270° ~ 330° ocC

The fundamental disturbance voltage vector exerts significant influences on the
fundamental current. However, it has less impact on the carrier current distortion

[GUEOS].
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5.3.3 Carrier frequency voltage distortion

The introduced carrier frequency disturbance voltage is a more important factor,
which results in additional carrier current components. As suggested by (5.14), the carrier
frequency voltage distortion is directly associated with the inverter equivalent HF
resistance. If the three phase equivalent HF resistances of inverter are equal to each other,
they act as normal stator resistance. Unfortunately, the foregoing analysis indicates that
they are greatly nonlinear. When the fundamental phase current is in the vicinity of zero,
the related HF resistance has a non-zero value, as depicted in Fig. 5.11. In other words,
the equivalent HF resistances occur only when the fundamental current vector arrives
close to the different sector boundaries, and disappear in the remaining areas.
Additionally, the equivalent HF resistance reaches its peak value when the fundamental
current vector is at the sector boundaries. With the same frequency as the carrier current,
the HF disturbance voltage is the major contributor to carrier current distortion [GUEOS].
The injected carrier voltage vector is affected six times in one fundamental cycle as there
are six boundary-crossings. As aresult, it gives rise to avisible perturbation on the carrier

current response in the frequency domain, as shown in Fig. 5.12.
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Fig. 5.12 Measured spectra of carrier current response (f=4Hz, f.=330Hz).

5.4 Analysis of Carrier Current Distortion

For rotating carrier signal injection based sensorless control, although the positive
sequence carrier current is dominant in the total carrier current response, it has no use in
conventional sensorless methods. Only the negative sequence carrier current component,
which contains position information of the phase angle, is utilized in the sensorless
algorithm. However, the positive sequence carrier current response was proven to be
useful for the compensation of inverter nonlinearity effects. Before describing the
proposed compensation method, it is helpful to analyze the impacts of HF disturbance
voltage on positive and negative sequence carrier current, respectively.

The HF carrier signal injection based method is often used at standstill and in the low
speed range, in which the d-axis current is usually small or close to zero. Therefore, when

the rotor stays at zero position (¢,=0), the fundamental current space vector is located
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close to the vicinity of positive or negative f-axis, and then Ry, has a non-zero value
while Roh=Rcx=0. In this case, the HF disturbance voltage vector defined by (5.14) can be
simplified to:

Dy, =- %th 5 (5.15)
The rea carrier current response becomes different from the ideal expression due to

inverter nonlinearity effects. Considering its dominant contribution to the total carrier

current response, the ideal carrier current can be substituted into the above equation,

1 - 1 i
- ja-p/2) i(@-20,-p/2)
Duh—-éRahIpe -§R l.e

(5.16)

) 1 .
i(-a+p/2) i(-a+2q,+p/2)
- éRahl ne

1
'gRaere

Equation (5.16) shows that the HF disturbance voltage introduced by the inverter
nonlinearity effects consists of four terms. The first two terms are positive sequence
vectors, while the last two terms are negative sequence vectors. Each voltage term
generates corresponding positive and negative sequence carrier current, hence the
resultant total carrier current response can be calculated and summarized in Table 5.2.
For the relatively small amplitudes of I, the disturbance carrier current components with

grey background in Table 5.2 can be neglected.
Table 5.2 Total carrier current components (Ran # 0).

Voltage Term Carrier Current | pos Carrier Current | neg
- (Positive sequence) (Negative sequence)
Veja [ ej(a-p/Z) I ej(-a+2qr+p/2)
c p n
_ R-lhlpej(a—pIZ) I111';)(:’,1@1 p) _ Rahlplnej(-a+2q,+p)
3 3/0 3,\/0
Rl iz | Ranl ol oi@-2p) _Ruls oi(-a+4q,4p)
3 3V, 3V,
_ Rahlpej(-a+p/2) - Rahlplnej(a+2qr-p) Rahlpej( a+p)
3 3V, 3V,
- &hln gl-a+20+p/2) Rdhln eJ(a p) _ Rahl pln ej(-a+2q,+p)
3 C &/C
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For conventional sensorless position detection, a parameter of ¢ constructed from

negative sequence carrier current is used to estimate the position information, as given

by,

e=-sin(-a+2qf+§ p)I

+cos(-a +29° + > (5.17)

neg_a neg_b
where |, IS the a-axis component of total negative sequence carrier current and lney 4 1S
the p-axis component of total negative sequence carrier current in the stationary reference
frame. 6,° is the estimated rotor position.

When the additional carrier current components resulting from inverter nonlinearity

effects, shown in Table 5.2, are considered, (5.17) can be re-written as,

Rah —=F R;lp " cos(2Dq) (5.18)

c

e» |, sin(2Dq) - cos(2q °)-

Furthermore, when the rotor position estimation error 46 is sufficiently small,
considering the real rotor position is close to zero in this case, (5.18) can be approximated

to,

e»2l.Dq - RC‘h(l +21 1)) (5.19)

The same conclusion can be drawn for the cases of Ry,70 and R, 70 (Appendix 6).
From (5.19), it can be seen that ¢ is associated with both estimated position error and
inverter nonlinearity effects. Inevitably, the inverter nonlinearity effects are adverse to
position estimation, which would give rise to a six harmonic on the estimated position
information due to the nonlinear behavior of inverter equivaent HF resistance. The
estimated position error generated by the inverter nonlinearity effects can be obtained

from (5.19), as given by:

Ra(12+21,1,)
- .20
Dq » I} (5.20)

To analyze the distortion of positive sequence carrier current, another important

factor A isintroduced in thisthesis, as given by,

I p P
| =- - I + - DI 5.21
sin(a 2) cos(a 2) (5.21)

pos_a pos_b

Substituting carrier current components shown in Table 5.2 into (5.21), it yields,
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| »%(Is+2lpln) (5.22)

C

Unlike ¢, equation (5.22) shows that 4 is independent of the position information, and

only associated with the inverter nonlinear behavior.

5.5 Proposed Compensation Scheme

In conventional rotating injection based sensorless position detection, the parameter ¢,
constructed from negative sequence carrier current, is used to estimate the rotor position
information. However, the inverter nonlinear behavior exerts adverse influences on it, as
shown in (5.19). Due to the additional carrier current harmonic components induced by
cross-saturation and multiple saliency effects located in the negative sequence domain
[RACO8], the positive sequence carrier current component is only affected by the inverter
nonlinearity effects. Therefore, it is practical to compensate for the inverter nonlinearity
effects based on the distortion of positive sequence carrier current.

The comparison between (5.19) and (5.22) reveals that, without position estimation
error (40=0), the signa ¢ has the opposite phase to that of 1. Hence, the combination of
them gives

e+l » 2l Dq (5.23)

It clearly shows that with the help of 4, the influence of inverter nonlinearity effects
on & can be compensated. The summation of ¢ and 4, i.e. (e+4), is only dependent on the
estimated position error, hence it can be employed to estimate the position information
accurately.

The complete system schematic diagram of the proposed compensation method is
shown in Fig. 5.13, in which, (e+41) is utilized as the input signal to the position estimator,
instead of ¢ as in the conventional approach. The commonly used synchronous reference
frame filter (SRFF) technique is then used to separate the fundamental current, positive
and negative sequence carrier current from the total current response. The isolated carrier
current components (ipos and ineg) are used to estimate the rotor position information,

while the fundamental current (i) is fedback to the current regulator. A Pl controller and
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an integrator are used as the position estimator. To compensate for the position estimation
error resulting from cross-saturation effect, the compensation method proposed in

[ZHUQ7] [KOCQ9] is employed.
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Fig. 5.13 Proposed compensation method for inverter nonlinearity effects.

In the proposed scheme, the value of ¢ and 4 can be on-line obtained from (5.17) and
(5.21) without any off-line commissioning process. By way of example, the on-line
obtained ¢, 4, and (e+4) in sensored operation mode (46=0) are shown in Fig. 5.14. From
them, sixth harmonic ripple can be observed on both ¢ and A, while their phases are
opposite to each other, which isin good agreement with foregoing analysis. Although the
ripple amplitude of ¢ and A increase as deadtime increases, the ripple on (¢+1) has been
significantly suppressed. Consequently, sensorless operation performance is expected to
be improved with the proposed compensation method. In Fig. 5.14, although the DC
offsets in ¢ (due to cross-saturation effect and stator resistance [RACO08]) and /4 (due to
stator resistance [RACO8]) would cause additional constant estimation error for given
load condition, the introduced estimation error can easily be compensated for together

with cross-saturation compensation.
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Fig. 5.14 Calculated ¢, A, and (¢+A) in sensored operation mode.

To evaluate the sensorless control performance of the proposed method, the
pre-compensation method [INOO09] [YUAO9], as shown in Fig. 5.15, was aso
implemented for comparison purpose. Using the measured phase current, this method
estimates the disturbance voltage due to inverter nonlinearity effects based on the inverter
physical characteristics (Fig. 5.9), and then superimposes the estimated compensation
voltage to the termina voltage command. Although the principle of this method is
straightforward, to obtain the inverter physical characteristics from experiments is a
time-consuming task. Additionally, the measurement error of instantaneous current
especially due to sampling delay makes it impossible to compensate for the disturbance
voltage completely with a pre-compensation method.
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Fig. 5.15 Pre-compensation method (tg=4ns, V4.=150V)

The sensorless operation performances without compensation, with
pre-compensation method and with proposed method are compared at different speed and
load conditions, as shown in Fig. 5.16~Fig. 5.19. The DC bus voltage is 150V, and the
deadtime is set to 4us. For the prototype machine, a rotating carrier voltage with
magnitude of 35V and frequency of 330Hz is determined for the purpose of sensorless
effectiveness in the whole operating range. Inevitably, the injected carrier voltage and
resultant carrier current response would causes additional losses, vibrations and unwanted
audible noise. Consequently, the injection based sensorless method is only used at low
speed range, where the back-EMF based sensorless method does not work well.

From the experimenta results shown in Fig. 5.16-Fig. 5.19, the estimated position
error without compensation scheme oscillates at six times the fundamental frequency,

which results in much distortion on the current response. Although some improvement
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can be observed with pre-compensation method, more improvement in the accuracy of
estimated rotor position can be achieved when the proposed compensation scheme is
employed. Furthermore, the fundamental current waveform is also improved with fewer
harmonics due to more accurately estimated position information. As a result, the

experimental results confirm the effectiveness and advantages of the proposed method.
5.6 Conclusions

HF disturbance voltage generated by the inverter nonlinearity effectsis the key factor
which distorts the carrier current response, and eventually deteriorates the accuracy of
estimated rotor position information in sensorless control.

In rotating carrier signal injection based sensorless control method, although the
positive sequence carrier current is dominant in the total carrier current response, it has
no use in conventional sensorless methods. Only the negative sequence carrier current
component, which contains position information in the phase angle, is utilized in the
sensorless algorithm. However, the distortion of the negative sequence carrier current
response due to inverter nonlinearity effects would give rise to significant position
estimation error in sensorless control. To resolve this problem, this thesis develops a new
post-compensation scheme, which utilizes the distortion of positive sequence carrier
current to compensate the distortion of position-dependent negative sequence carrier
current resulting from inverter nonlinearity.

The proposed compensation method is easy to implement on standard voltage source
inverter without any additional hardware requirement or off-line commissioning process.
Due to more accurate position information can be obtained with the proposed method, the
fundamental current waveform can aso be improved significantly with fewer harmonics.
Compared with the pre-compensation methods, the proposed method does not directly
compensate the disturbance voltage introduced by inverter nonlinearity effects using
instantaneous carrier current. Consequently, this scheme is expected to be more robust to
the carrier current measurement error. Experimental results demonstrate the effectiveness

of proposed compensation method.

148



™

N

ey

™,

~

R A

o o o o o o o o o o < =] =] o
§ 8 & S S &« o° § ¥ % 7 AN
(6a@) uonisod parewis3y (V) 1ua1ind aseyd (-6aq) 1019 uonisod
(n) ebeyjon "dwo)
-
arrI o
// ﬁv
«
...n..uv
I, r3
.f.: Wv
o o o o o o o o o o <9 =} o o o
S 8 I S < o S N < N AT
("B6a@) uonisod parewnsy (V) 1wa1ina aseyd (-6aq) 1018 uonisod
i.f_ g
-
=
rJ..f -
lﬂmv
N —
/ .
// 4
o o o o o o o o o o =] o =] =]
g 8 & S S & o° & ¥ % 7 AN

(6a@) uonisod parewis3y

(V) wa1ino aseyd

(-6aq) 1018 uonsod

0.5

0.4

0.2 0.3
Time (s)

0.1

0.0

0.1 0.2 0.3 0.4 0.5
Time (s)

0.0

0.1 0.2 0.3 0.4 0.5
Time (s)

0.0

(c) Proposed compensation method

(b) Pre-compensation method

(a) Without compensation

150V).

:4rTS! VdC

:4HZ, tdt

0A, ig=1A, f

Fig. 5.16 Comparison of sensorless operation performance (ig

149



™~

.

™

™,

<
./r_r -
o o o o o o o o o o < =] o =] o
g 8 K& S < & o©o o v & - - o
(6a@) uonisod parewis3y (V) 1ua1ind aseyd (-6aq) 1019 uonisod
(A) abeyjon "dwo)
o o o Q <
o < c ¥ @
bl
™ <
! Nv
/ >
"~
s
J/fr M
M i
._;.._ Mv
™
o o o o o o o o o o <9 =} o o o
g 8 R 9 < & o©o o v & 7 I
("B6a@) uonisod parewnsy (V) 1ua1ind aseyd ("6aq) 1018 uonisod
=
__.f., =
..r/._. sy
S
//.. Aw.hu
—
el
. ._nmmwff
AllluU
-3
..nrllr.u.
<
Y >
4//... -ﬂllll.uU..
=
rprf/ Arrr)lnrl'
o o o o o o o o o o =] o =] =]
g 8 & S <~ & o©o o v & - I

(6a@) uonisod parewis3y

(V) wa1ino aseyd

(-6aq) 1018 uonsod

0.2 0.3 0.4 0.5
Time (s)

0.1

0.0

0.3 0.4 0.5
Time (s)

0.2

0.1

0.0

0.2 0.3 0.4 0.5
Time (s)

0.1

0.0

(c) Proposed compensation method

(b) Pre-compensation method

(a) Without compensation

=2A, f=4Hz, ty=4ns, V4.:=150V).

=0A, iqf

Fig. 5.17 Comparison of sensorless operation performance (ig

150



Y ,ﬁvA hvh V‘

A

™~

N g
™
AN <

A

o o o o o o o o o o < =] o =] o
g 8 & S S &« o°o o ¥ % 7 <o
(6a@) uonisod parewis3y (V) 1ua1ind aseyd (-6aq) 1019 uonisod
(A) abeyjon "dwo)
o o o Qe <
« < o Y @
=1
..__f a......nn.....
Ny =
™
/ Aﬂw
b
L3
-]
R -
, ...nu.\w
/r -
=]
s Cx
L=
A.J.. -....HU.
f._.f o>
o o o o o o o o o o <9 =} o o o
S 8 I S < N <) N < N AT
("B6a@) uonisod parewnsy (V) 1wa1ina aseyd (-6aq) 1018 uonisod

’
Ah
f

~ —
N =

~

AAiad

,.,./,, —
Py
™

g @ g g © o o o o o g S
M%mm § o o o @<

(-Ba@) uonisod parewnsy (V) 1ua1ind aseyd (-Baq@) 1018 uonisod

VUV‘HJ\J VViYy

b
\

0
-10
20

0.8 10

04 0.6
Time (s)
150V).

0.2
(c) Proposed compensation method

0.0
4”5, VdC

2HZ, tdt

1.0
0A, ig=1A, f

0.8

0.6

Time (s)
151

04

0.2
(b) Pre-compensation method

0.0

08 10
Fig. 5.18 Comparison of sensorless operation performance (ig

0.6

0.2 0.4
Time (s)
(a) Without compensation

0.0



\IV\

4
Mom

N

oy

F.Wal

LY
~

™~

o o o o o o o o o o < =] o =] o
g 8 & S S &« o°o o ¥ % 7 <o
(6a@) uonisod parewis3y (V) 1ua1ind aseyd (-6aq) 1019 uonisod
(A) abeyjon "dwo)
o o o Q <
©c < oS ¥ @
pu AHW
<]
../; ﬂhu,
-
/ o=
_nnu
-, -
L.
[
.nnw
]
..ﬂHUU
Y -
HI.a|.
/f U
.AHHU.
:/../ -
o o o o o o o o o o <9 =} o o o
g 8 R 9 < & o©o o v & 7 I
("B6a@) uonisod parewnsy (V) 1wa1ina aseyd (-6aq) 1018 uonisod
LN ﬂHlltu
~
J/r =
s I —
.1.|.||||||.|\u-
-
-
-]
“\I.I.L.My
|
e "
./.u -
.RH\IlanIvI.r
r/._.F .ﬁ\l|.lu.
o o o o o o o o o o =] o =] =]
8 & 89 & o©o & ¢ & 7 <«

(-Ba@) uonisod parewnsy (V) 1ua1ind aseyd (-Baq@) 1018 uonisod

0.8 10

04 0.6
Time (s)
150V).

0.2
(c) Proposed compensation method

0.0
_4nsa VdC

2HZ, tdt_

2A, f

1.0
0A, igr

0.8

0.6

Time (s)
152

04

0.2
(b) Pre-compensation method

0.0

08 10
Fig. 5.19 Comparison of sensorless operation performance (ig

0.6

0.2 0.4
Time (s)
(a) Without compensation

0.0



CHAPTER 6
IMPROVED SENSORLESS OPERATION BASED ON ONLINE
OPTIMAL EFFICIENCY CONTROL

6.1 Introduction

No matter what kind of sensorless method is employed for PM BLAC machines, the
accuracy of estimated position information is usually a critical concern in sensorless
operation. However, nonlinear behavior in machines, such as saturation and
cross-saturation effects, as well as inverter nonlinearities, exerts adverse influences on the
position estimation. The resultant estimation error may cause the current response to
deviate from the desired reference, thus deteriorating the sensorless performance, such as
lower output torque capacity and lower system efficiency etc. Although great efforts have
been made on the compensation for the nonlinearity effects to improve the accuracy of
position estimation, it is usually difficult to completely compensate for the non-idedlities.

From the efficiency point of view, optimal efficiency of machines, instead of
accurate position estimation, can be considered as an objective for sensorless operation.
In this way, it does not need compensation techniques to improve the position estimation.
To achieve optimal efficiency, loss model based schemes are widely used in industrial
applications [MOR94] [MADO04] [CAV05] [JEO06] [ADAO09] [LEEO9]. Although good
dynamic performance can be guaranteed with this approach, the acquisition of loss model
parameters is a big chalenge for the practical implementation. Furthermore, accurate
rotor position information is essential for these methods. Hence, the loss model based
approches are often used in sensored operation, rather than sensorless operation.
Alternatively, on-line searching is another promising method for optimal efficiency
control [CHA96] [VAEQ9] [HOFO4]. The optima efficient working point can be
adaptively tracked by adjusting a control variable (normally ig ) until the power input to

the machine reaches the minimal value. Compared with loss model based methods,
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although the searching control methods are only applied to steady state operation, they
can tolerate rotor position error. Therefore, on-line searching control is a good candidate
to improve sensorless operation by tracking optimal efficiency.

In order to enhance the energy efficiency performance of sensorless control, which is
attractive for an efficiency-critical applications such as cooling fans and water pumps,
this chapter utilizes a continuous searching concept in sensorless control to on-line track
the optimal efficiency of PM BLAC machines at steady-state. Due to its adaptive
searching behavior, the developed method is independent of the machine parameters and
tolerant to estimated position error in sensorless control. By on-line calculation of the
active power input, it can be easily implemented on the standard voltage source inverter
without any hardware modification. With the proposed method, experimental results
confirm that it is not necessary to put effort on the non-linearity compensation to improve
the accuracy of rotor position estimation, while the optimal efficiency can be adaptively
realized in steady-state sensorless operation, even though the estimated position

information may be not accurate.
6.2 Loss Model for Conventional Optimal Efficiency Control

The developed sensorless method is combined with optimal efficiency tracking and
does not require the loss model. However, in order to ease further discussions, it will be
useful to analyze the loss model of PM BLAC machines. It is well documented that the
losses of PM BLAC machines consist of copper loss, iron loss, stray loss and mechanical

loss, which are reviewed as follows.
6.2.1 Copper loss
Copper lossisresistive loss due to stator resistance, as given by [LEEQ9],
P, =15R,(I5 +1?2) (6.1)
where R, is the phase resistance, 14 and Iy are the dg-axis currents in synchronous
reference frame. Copper loss directly relies on the phase resistance and stator current

level, and corresponding temperature rise in the windings, but it has no relationship with

flux level and rotor speed.
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6.2.2 lron loss

Iron loss consists of hysteresis and eddy current losses, which can be approximated

as[BERO01],

Pfe = KhWry 32 + KeWr 52 (6' 2)
where Ky, and K are the coefficients of hysteresis loss and eddy current loss, respectively.
oy 1sthe electrical angular speed of rotor, and s is the stator flux.

Furthermore, the iron loss can be rewritten as,

P, =15w% 2/R, (6. 3)
where R; denotes the equivalent resistance of iron loss, which is a function of
fundamental frequency [BERO1],

15
= — 6.4
R K.+ K, /w, ©-9

From above equation, it shows that iron loss is associated with the stator flux level

and rotor speed.
6.2.3 Stray loss

Stray loss results from the winding space harmonics and slot harmonics, and it can be
evaluated as[LEEQ9],

Py =15C, W (15 +17) (6. 5)
where Cq is the stray loss coefficient. Stray loss can be considered as the equivaent
copper loss, which has a speed-dependent resistance.

6.2.4 Mechanical loss

Mechanical loss includes friction and windage losses, and it is only determined by
the rotor speed and mechanical system. Unlike the foregoing losses, the mechanical 10ss,
which isindependent of machine current and flux level, is uncontrollable for given torque

and speed condition [MADO4], hence it is not considered in the following discussion.
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6.3 Optimal Efficiency Control

According to foregoing discussion, the summation of controllable losses (copper loss,

iron loss and stray 10ss) gives,
RI :Pcu+Pfe+Pstr :15(Ra+cstrwr2)|52+wr2y§/Rc (6' 6)

For given torque and speed condition, the mechanical loss is constant, hence the
optimal efficiency control isto find the optimal d- and g-axis reference current set (iq , iq*)
in dq plane for the minimum value of Py. Meanwhile, the constraint of current and
voltage limitation should be satisfied, as given by (6.7). In other words, the optimal
efficiency control can be considered as a constrained optimization problem [LEEQ9].

}:ljzﬂjflﬁwz 67
fVa +Vy £V,

For salient permanent magnet BLAC machines, such as the interior permanent
magnet BLAC machine used in this paper, MTPA control is often employed in constant
torque operation to make use of the reluctance torque. In MTPA control, the stator current
level is controlled to be minimal at given torque condition for minimum copper loss in
the stator windings. From (6.6), therefore, it can be concluded that the MTPA control
method has the ability of minimizing the summeation of copper loss and stray |oss.

In addition to copper loss and stray loss, iron loss is aso an important part in the total
losses of BLAC machines. The definition of iron loss reveals that it is proportional to the
stator flux level for given speed.

Fig. 6.1 shows the constant torque operation tragjectories in dg plane for the prototype
machine (Lgimax<m), in which, the MTPA curve is highlighted in blue, while the current
limitation locus is indicated by red dotted circle. For given torque condition T, the
intersection point between constant torque curve and MTPA trgectory (point @) is the
minimum copper loss (MCL) working point, whereas the intersection point between
constant torque curve and current limitation circle is the minimum iron loss (MIL)
working point (point c). Obviously, the minimum total loss (MTL), i.e, optimal
efficiency working point should stay between MCL and MIL along the constant torque
curve of T. The position of MTL working point (point b) is determined by the loss
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distribution between copper loss and iron loss. When copper loss is dominant in the total
losses, the MTL point should nearly overlap with the MCL point. As the ratio of iron loss

over total lossesincrease, the MTL point would move toward the MIL point.

Voltage limitation q
w increase N
- - -~ T
- ~
s
AN
/ 4 b a_ \ |
__— \ Current limitation
7 2
\
/T MTL MCL \
I MIL
[ ‘l d
t T -
\ 0 |
\ /
\ /
\ /
\ /
\ N <4+1— MTPA /
~ _ 7 MCL: minimum copper loss
N _7 MIL: minimum iron loss
I MTL: minimum total loss

Fig. 6.1 Optimal efficiency working point in synchronous reference frame.

From the mathematical model, much effort has been made to resolve the constrained
optimization problem, and achieve optimal efficiency tracking by using the calculated
solution to construct a feed forward control [MOR94] [MADO4] [CAVO05] [ADAOQ9]
[LEEO9]. These methods track optimal efficiency without penaty on the dynamic
performance in sensored operation. However, a variety of parameters of machine and loss
model are required to find the optimal solution. Hence, the loss model-based methods are
sensitive to parameters variation due to magnetic saturation and temperature change.
Although an experimental method has been reported to measure the parameters of loss
model [MADO4], it is time consuming to obtain the accurate loss model of PM BLAC
machines. The other problem associated with loss model-based methods is the
requirement of accurate rotor position information, which could not be guaranteed in
conventional sensorless control. To overcome the foregoing limitation of loss
model-based methods, the continuous searching concept is combined with sensorless

control in this thesis to enhance the energy efficiency performance of sensorless control.
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6.4 |nstantaneous Active Power

For improved efficiency of sensorless control utilizing a continuous searching
concept, the information of efficiency should be known for on-line tracking. However,
the direct measurement of system efficiency requires additional transducers to measure
the input and output power. At steady state (constant torque and speed), the minimum
input active power operation can be interpreted as the optimal efficiency condition due to
the constant output mechanical power. Meanwhile, the instantaneous power theory can be
used to calculate the input active power to the inverter without any additional transducer
for the DC link measurement.

The instantaneous power theory was first introduced in [AKA84]. For PM BLAC
machines, the instantaneous active power input to the machine can be calculated in the

stationary reference frame, as given by,
Pab :1'5(Vaia +Vbib) (6- 8)

Normally, the measured current and reference command voltage are used to calculate
the active power. When the high-frequency signal injection based sensorless method is
used, it is preferable to make the power calculation in the estimated synchronous
reference frame, where the fundamental component can be easily separated using a low
pass filter,

Pia =1.5(vglg +Vgig) = Ry 6.9)

Although accurate rotor position is not available in sensorless control, the above
equation shows that the calculated active power in the estimated synchronous reference
frameisreliable, sinceit isindependent of position estimation error.

Considering the loss components discussed in the foregoing section, the equivalent
circuits of PM BLAC machines in steady-state are depicted in Fig. 6.2. According to the
equivalent circuits, the active power input to the machine/drive system can be expressed

as,

158



P = L15(Vyig + Vi)
=15{(Ra +Cs(rWr2)(idZ +i§)+Wr6/ diq -y qid)]
=15(R, +CuWA)IZ +15W, ¢ yicg - Y qiea) TLOW,  diog - Y gloa) (6.10)

strotr

=15R 12 +15C, W22 +15w% 2/R +Tw,,

str'’r 's

=P, +P, +P_+P,

For a given torque and speed condition, it shows that copper loss and stray loss are
proportional to the stator current magnitude, while iron loss is proportional to the stator
flux level. The calculated active power consists of total controllable losses and
mechanical power output from the machine. From (6.10), it can be seen that the
controllable losses (copper loss, stray loss and iron loss) can be controlled by adjusting
the working point of machine. Consequently, it is possible to achieve the optimal
efficiency control of PM BLAC machine by finding the minimal value of active power

for improved sensorless operation.

Iy R, C.w? g
_> St _>
—— 3 WYy
- +

v, i%”&m&

(a) d-axis circuit

i 2 [
q R, C,W, o
— —A ] WYy 4
+ -

Ve iﬂ”&m»

(b) g-axis circuit

Fig. 6.2 Equivalent circuits of PM BLAC machines [MOR94].
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6.5 Improved Sensorless Operation Based on Optimal Efficiency Control

Due to the inherent limitation of loss model-based methods in sensorless operation,
the on-line self searching algorithm is employed in this thesis to improve the sensorless
performance in terms of optimal efficiency. In steady state, the machine output power and
mechanical loss are constant due to constant torque and speed. However, the input power
to the machine varies with the current reference set (iq , iq ) in the dg-plane. Hence, the
sensorless performance can be improved with optimal efficiency by on-line finding the
optimal d- and g-axis current reference set (iq , iq*) along the constant torque curve for
achieving the minimal input power.

According to the adjustment type of control variable, the searching control can be
categorized as continuous searching [CHA96] [VAE99] and numerical searching
[HOFO04]. The numerical searching is an iterative approach using quadratic polynomial
interpolation. Fast convergence is claimed to be the major advantage of the numerical
searching methods, however, the step-change of control variable (i) would give rise to
torque variation for salient-pole BLAC machines and results in longer convergence time
since waiting time is required to avoid the transient state after step change of iq . Instead,
the continuous searching scheme adjusts the control variable (iq) continuously with
pre-defined slope, hence the system would work more smoothly. In [CHA96] and
[VAEQ9], with the help of additional DC link current sensor, the active power input to the
drive is calculated from the DC bus voltage and current, and then the continuous
searching method is used to track the optimal efficiency for sensored operation.

Based on the calculated active power from measured current and reference voltage
command, this thesis utilizes the continuous searching concept in sensorless operation for
on-line optimal efficiency control of PM BLAC machines. Therefore, much effort on the
compensation of machine/drive non-ideal behavior for sensorless operation is not
necessary. Since the power is calculated based on the instantaneous power theory, rather
than from the DC link voltage and current, this method can be easily implemented on a

standard voltage source inverter without any hardware modification. The block diagram
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of on-line rotor position sensorless and optimal efficiency control is shown in Fig. 6.3 and
detailed continuous searching algorithm is shown in Fig. 6.4 and Fig. 6.5.

The proposed improved sensorless method, which is independent of the machine
parameters and tolerant to position error, could adaptively achieve minimum total loss,
instead of minimum copper loss in MTPA control. However, the proposed approach is
only valid at constant speed and constant torque condition. Therefore the steady state

detection is necessary before activating the continuous searching process, Fig. 6.4.

Speed Iq Vq Va, Sa -
Regulator g dg g
Current \' PWM SD . | 3-Phase
I—— _ Regulator — Generator > Brldge
| _ly Vo, | fabc | Ve S,
. Sensorless . ™ > >
- Optimal A )
- Efficiency ™ . YVvYY
W, - Control q, Power
: [ Analyzer
.................. V )
|
T lq da /|eta] op /=]
< b ¢
iy i v ? v
< BLAC
af abc Motor

Fig. 6.3 Proposed improved sensorless control.

Searching = OFF
A J'J =0

Searching = ON

PL=0; PR=0

Counter =-1
Afy=A7T

\
Counter = Counter +1
Power calculation

PL=0; PR=0
Counter = -1

If (PL-PR>Band) 4 7,= 41,

Y

\
PL = PL+ Power/50 lg=l4 +41,

Fig. 6.4 Flow chart of searching algorithm for optimal efficiency control.
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Fig. 6.5 Determination of searching direction.

6.6 Experimental Validation

6.6.1 Sensored operation

The prototype machine firstly operates under constant speed of 200RPM in sensored
mode. Due to speed dependent load behavior of the DC machine load, the prototype
machine actually operates at constant torque and speed condition. The loci of active
power and estimated stator flux along the constant torque curve are shown in Fig. 6.6, in
which the dotted red circle is the current limitation circle. Meanwhile, the measured
active power input to the machine using power analyzer is indicated as a circle in Fig.
6.6(a). From Fig. 6.6(b), although the minimal iron loss occurs at ig=-3.7A due to its
proportional relationship with stator flux, the optimal efficiency point locates at nearly
the same position as the MCL point, i.e., ig=-0,3A. It reveals that the copper loss is

dominant in this case. The minima input active power is around 90W under this

condition.
5.0 - 500
-0.3A:

40 400
< e : N g
£ 30 . : . 300 »
g ’ . N %
3 a
0 [0
% 20 . 200 2
@ \ o
o . <

1.0 100

0.0 ‘ - 0

-4.0 -3.0 20 -1.0 0.0 1.0 20 3.0 4.0
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(a) Active power (P) input to the machine
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(b) Estimated stator flux (ys)
Fig. 6.6 Loci of active power and stator flux along constant torque curve (200RPM).

Fig. 6.7 shows the optimal efficiency searching process under the same condition as
before in sensored operation. When the searching algorithm is invoked at the time of 1.0s,
the value of iy smoothly changes from the initiad value of -3A, meanwhile, the active
power is gradually decreased from 190W. The searching direction of iy is determined by
the comparison between PL and PR. When the active power decreases to its minimal
value (around 90W), the difference between PL and PR is less than pre-defined
bandwidth, hence iy changes its direction periodically, and the machine operates under
optimal efficiency condition. Under the condition of optimal efficiency, the average value
of ig is around -0.3A, which is in a good agreement with experimental result shown in

Fig. 6.6.

6.6.2 Sensorless operation

The performance of improved sensorless operation is validated also under the same
torque and speed condition as sensored operation, as shown in Fig. 6.8 and Fig. 6.9. It is
well known that the cross-saturation effect would introduce a load dependent position
error on the position estimation in carrier signal injection based sensorless techniques.
Although significant position error can be observed without cross-saturation
compensation, Fig. 6.8 shows that the optimal efficiency still can be successfully tracked

by the continuous searching algorithm. When the cross-saturation compensation method
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is applied at the time of 33.0s, the estimated position error is decreased significantly,
while the input active power is kept at the same level (around 90W). Under optimal
efficiency conditions, although the current working points (ia, iq) with/without
compensation are dightly different due to the position difference in Fig. 6.8, they are
equal to each other in the accurate synchronous reference frame, viz. (-0.3A, 1.8A), as
shown in Fig. 6.9, which isin a good agreement with the experimental results in sensored
operation. Thus, it proves that with the proposed method, the sensorless performance
could be improved with minimal input power without any compensation for nonlinear
effects. Although only the carrier signal injection based sensorless technique is used for
experimental validation, the proposed method also applies to model based sensorless

technique due to its adaptive searching property.
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Fig. 6.7 Optimal efficiency tracking in sensored operation.
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6.7 Conclusions

In conventional sensorless control of PM BLAC machines, although much effort has
been made on the compensation of non-linearity effects of machines and drives to
improve the accuracy of position estimation, it is usualy difficult to completely
compensate for the non-ideal behaviors. From the efficiency point of view, in order to
enhance the energy efficiency performance under sensorless control, which is attractive
for the efficiency-critical applications such as cooling fans and water pumps, this thesis
employs the continuous searching concept in sensorless control to on-line track the
optimal efficiency in steady-state. In this way, the sensorless operation performance can
be improved by the optimal efficiency tracking without any compensation of nonlinear
effects. Although it is only applicable to steady state operation, the proposed method does
not require any knowledge about the machine/drive, and can be easily implemented using
a standard voltage source inverter without any hardware modification. Experimental
results confirm that the energy efficiency with sensorless operation can be significantly
improved with the proposed method, even though the estimated position information may

be not accurate.
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CHAPTER 7
GENERAL CONCLUSIONSAND DISCUSSIONS

This thesis is focused on the carrier signal injection based sensorless control of
Permanent Magnet (PM) Brushless AC (BLAC) machines.

In order to investigate the machine saliency information, an experimental method is
presented to measure machine saliency circle, which visually reveals the machine
sdliency information without any requirement of machine parameters. Based on the
measurement results, Sensorless Safety Operation Area (SSOA) is introduced to
investigate the effectiveness of sensorless operation for practical applications.
Considering the absence of magnetic polarity information in the estimated rotor position
from machine saliency property, a robust magnetic polarity detection scheme is proposed
based on the magnetic saturation effect.

Inverter nonlinearity effects are studied from the respects of theoretical anaysis and
experimental measurement. Utilizing the distortion of positive sequence carrier current
due to inverter nonlinearity effects, a novel on-line compensation scheme is developed for
rotating carrier signal injection based sensorless methods. From the efficiency point of
view, on-line continuous searching algorithm is employed in sensorless operation to
improve the machine efficiency without any requirements of compensation methods on
nonlinear effects.

7.1 Preliminary Knowledge for Saliency Based Sensorless | mplementation

Machine saliency, resulting from machine geometrical anisotropy and magnetic
saturation, is essential for saliency based sensorless control techniques. Although saliency
based sensorless methods claim to be independent of machine parameters, the knowledge
about machine saliency information could provide insight into the basic principle. FEA
provides an option to predict machine saliency information, however, practical
applications prefer to acquire the machine saliency information from experimental
measurement. Based on other researcher’s work, this thesis presents a simplified

experimental procedure to measure the machine saliency information.
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Although sdaliency based sensorless control methods estimate the position
information from machine saliency behavior, they fulfill this task indirectly from
measured carrier current response by injection of carrier voltage signal. Therefore,
appropriate selection of injected carrier voltage signa (Vdwc) is aso important for
sensorless devel opment.

Considering the bandwidth of position observer and carrier signal demodulation, the
higher the injected carrier voltage frequency, the better. However, it is upper limited by
the PWM frequency. Normally, the carrier frequency is chosen as 1/50 ~ 1/10 PWM
frequency. Regarding to amplitude of injected carrier voltage, it is a compromise between
the utilization of DC bus voltage and SNR of the carrier current response. With an
increase of the carrier voltage amplitude, the improved signal SNR is advantageous for
sensorless estimation, while the available DC bus voltage for fundamental excitation
would decrease. The carrier signal injection based sensorless methods are often employed
for standstill and low speed operation, in which case, the required voltage for
fundamental excitation is small, thus the amplitude selection for injected carrier voltage is
unlikely a problem.

Accounting for the carrier current measurement error due to quantization error in the
AD conversion, the Sensorless Safety Operation Area (SSOA) is defined in this thesis to
investigate the feasibility of sensorless operation, which provides a practical criterion to
determine the injected carrier voltage according to the machine saliency information, so
that the machine can perform sensorless operation with guaranteed performance in steady
State.

In summary, the preliminary work for the implementation of carrier signal injection

based sensorless control can beillustrated in Fig. 7.1.

Saliency circle I, map Sensorless Safety Determination of
measurement Operation Area Ve lwe)

Fig. 7.1 Preliminary work for sensorless control implementation.
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7.2 Non-ideal Attributions of Machines and Drives

For carrier signal injection based sensorless methods, the estimated position
information from carrier current response is actually the machine saliency position. In the
ideal case, the machine saliency position can be considered to be equal to the real rotor
position. However, practical machines and drives exhibit non-ideal attributions, such as
cross-saturation effects, multiple saliency effects, inverter nonlinearity effects, and so on.
The non-ideal attributes introduce additional carrier current disturbance, eventually
resulting in the deterioration of position estimation accuracy, degradation of dynamic
performance and even stability problems. Consequently, it is desirable to develop
associated compensation methods to suppress these negative effects on sensorless
position estimation.

The cross-saturation effect generates the same spatial harmonic order as the primary
saliency (overlapped spectrum), hence the introduced position estimation error is a
critical concern. Fortunately, the load depend position estimation error is constant for
given load condition, and it can be easily compensated utilizing the measured information
by off-line commissioning process.

Unlike the cross-saturation effect, the multiple saliency effect generates harmonic
components in the vicinity of primary saliency component (adjacent spectrum), which
eventually introduces position dependent estimation error under sensorless control.
Considering the load- and position-dependent property of multiple saliency effect, it is
suggested to suppress the multiple saliency effect through appropriate machine design.
Fortunately, the multiple saliency effect for the prototype machineis negligible.

Investigation and compensation of inverter nonlinearity effect is one of the major
contributions of this thesis. As a disturbance voltage generator, inverter nonlinearity
effects introduce unwanted carrier voltage distortion, thus resulting in significant position
estimation error in carrier signal injection based sensorless control. To solve this problem,
a novel on-line compensation scheme is developed for rotating carrier signal injection
based sensorless methods in this thesis by utilizing the distortion of the positive sequence

carrier current due to inverter nonlinearity effects. However, the proposed approach does
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not apply to the commonly used d-axis pulsating carrier signal injection based sensorless
technique.

Great efforts are required to compensate the nonlinear effects to improve the
accuracy of estimated position information. Alternatively, optimal efficiency of machines,
instead of accurate position estimation, is considered as the sensorless operation objective
in this thesis. In this way, the sensorless operation performance can be improved by
on-line optimal efficiency tracking without any compensation on nonlinear effects.
Although it is only applicable to steady state operation (constant torque and constant
speed), the proposed method does not require any knowledge about the motor and drive,
and can be easily implemented using a standard voltage source inverter without any

hardware modification.
7.3 Magnetic Polarity Identification

Since the machine primary saliency undergoes two cycles in single electrical period,
the estimated position information from machine saliency behavior suffers from an angle
ambiguity of 7. Hence magnetic polarity identification is required for initial rotor position
estimation. Based on magnetic saturation effect, this thesis identifies the magnetic
polarity utilizing the monotonic variation of d-axis carrier current amplitude (]ign|) against
d-axis fundamental current excitation (i4). Although the convergence process of proposed
method is not as quick as secondary harmonics based detection methods, it has higher
SNR and reliable detection performance. Furthermore, the proposed method can be easily
integrated with conventional carrier signal injection based sensorless estimation

algorithm with slight increase of computation effort.

7.4 Future Work

7.4.1 Hybrid position estimation for wide speed range sensorless operation

Due to extra losses, addition current harmonics, torque ripple and noise resulting
from carrier voltage injection, carrier signal injection based sensorless methods are only
accepted for standstill and low speed operation, where fundamental model based

sensorless methods fail to effectively estimate the rotor position information. PWM
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excitation based sensorless methods could achieve wider speed range operation, however,
the dedicated sensor for current derivative measurement is an obstacle to their practical
applications. As aresult, it is desirable to combine the injection and model based methods
together. The combination should undertake smooth transition between different methods

without penalty of dynamic performance.

7.4.2 Sensorless oriented machine design

This thesis is focused on saliency based sensorless control for PM BLAC machines.
On the other hand, sensorless oriented machine design provides an attractive research
field.

The nonlinear machine saliency property, involving magnetic saturation,
cross-saturation, and multiple saliency effects, give rise to load dependent saliency level,
shape and position, which is the major source of sensorless estimation trouble. Taking
high quality saliency property as the machine design objective, it is expected that high
performance sensorless position estimation could be achieved without complex

compensation methods for nonlinear effects.
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APPENDICES

Appendix 1 Specification of prototype machine

Table Al.1 Specification and leading design parameters, dimensions of motors [CHE99]

115 series motors
Rated voltage (peak) 158V
Rated current (peak) 40A
Rated power 0.6 kW
Rated speed 1000 rpm
Rated torque 4.0 Nm
Pole number 6
Slot number 18
Number of series connected 152 turns
conductors/pole/phase
Wire diameter (2 wires stranded) 0.36 mm + 0.51 mm
Winding coil pitch 3dots
Winding resistance per phase 6.0W (20°C)
Skew 1 dlot-pitch
Stator outer radius 53.30 mm
Stator inner radius 31.00 mm
Rotor outer radius 30.25 mm
Core length (stator) 32.00 mm
Core length (rotor) 30.00 mm
Shaft diameter 25.00 mm
Air gap length 0.75 mm
Magnet UGIMAX 35HC1 (B,=1.17 T, m=1.07)
Stator Steel Transil 310-50
Rotor Steel Transil 310-50 (Surface-mounted PM motor)
Transil 300-35 (Inset and interior PM motors)

*  The remanence of UGIMAX35HC1 is about 1.23T at 20°C according to the
data-sheet. However, the measured valueisonly 1.17T.
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Appendix 2 Transformation of phase vector with harmonics

Assuming a phase vector f(6) with harmonics can be expressed in stationary

reference frame, as given by,

é u é u é u é u
&f, (d)u 2 k, cosd 3 2 k,cos3d ld g k, cos5d ld g k, cos7d 3
gfb(d)g éﬁ os(d - ng l:I+ §(30083(d - 2?p)u+ §(50055(d - % l'J"' §(7COS7(d %)U"‘L
A . 6 ua é ua é ua é a
8f.(@)d &, cos(d +£u ﬁ’r<30053(d+2p)‘,J & cos5(d +2—|Ou &, cos7(d +2—|O)l,J

e e 3’0 e 30 é 3°0

(A2. 1)

It can be re-written as,

e u e u é u
ef (d)o & kcosd U g cosady € kscosid U € k;cos7d U
é a_¢% p U & g € 2p U € 2p .U -
éfb(d)ﬂ— &, cos(d - —)u+é 3cos:%du+g<sco:~:(5d +?)u+ &k, cos(7d - 3 —)utL (A2.2)
Rl & . BGcosdf | o Y€ o

5 d+=)u S cos(5d - )4 & cog(7d +)U

gﬁcos( 3)9 2‘5 S( 3) e’ < 3)9

With coordinate transformation, the phase vector f(5) can be transformed to synchronous

reference frame,

If\
éf,y_2600%,  oosq, - /19 cosd, +2p 13) t,

== A2.3
Sl 38 sna, -sng - 2/3 -sing, - 2 /9 h2-9
Performing this tedious calculation yields,
af k -7
éfqu_ eklcos.(qr d)u ekscos(qr+5d)u e ,Cos(q, d)s L 2. 2

Sr.47¢ Ksin@, - )" § ksin@, +5d)8 & k,sin(, - 7d)8

If the fundamental component of f(d) is synchronous to the d-axis, i.e., 6=6,+¢, where ¢

is aconstant phase shift. Then the above equation can be simplified to be,

éfqu_ ek10051u é(ks +k;)cosbd 0. e(k5 k;)sin6d U _

COS| sinj + L A2.5
€07 8 sinj 17 &k +k)sined ¥ " gk, + k) cosed ! (A2.5)

It shows that only 6th, 12th... harmonics exist in the synchronous reference frame.
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Appendix 3 Finite element calculated flux linkage of the prototype machine

Table A3.1 d-axis flux linkage at various dg-axis currents [L109a].

Wd id:4A id:3A id:2A id:].A idZOA id:-lA id:-ZA id:-3A id:-4A

Ig=4A | 02925 | 0.2776 | 0.2609 | 0.2415 | 0.2186 | 0.1923 | 0.1632 | 0.1321 | 0.1000

iq:3A 0.2994 | 0.2849 | 0.2684 | 0.2487 | 0.2248 | 0.197 | 0.1662 | 0.1336 | 0.1002

ig=2A | 0.3049 | 0.2908 | 0.2747 | 0.2549 | 0.2301 | 0.2005 | 0.1678 | 0.1338 | 0.0995

Ic=1A | 0.3085 | 0.2948 | 0.2792 | 0.2596 | 0.2342 | 0.2026 | 0.1681 | 0.1332 | 0.0984

Ic=0A | 0.3097 | 0.2962 | 0.2809 | 0.2614 | 0.236 | 0.2032 | 0.1679 | 0.1327 | 0.0978

iq=-1A 0.3085 | 0.2948 | 0.2792 | 0.2596 | 0.2342 | 0.2026 | 0.1681 | 0.1332 | 0.0984

ig=-2A | 0.3049 | 0.2908 | 0.2747 | 0.2549 | 0.2301 | 0.2005 | 0.1678 | 0.1338 | 0.0995

ig=-3A | 0.2994 | 0.2849 | 0.2684 | 0.2487 | 0.2248 | 0.197 | 0.1662 | 0.1336 | 0.1002

Ig=-4A | 02925 | 0.2776 | 0.2609 | 0.2415 | 0.2186 | 0.1923 | 0.1632 | 0.1321 | 0.1000

Table A3.2 g-axis flux linkage at various dg-axis currents [L109a].

qu id:4A id:3A id:2A idzlA idZOA id:-lA id:-ZA id=-3A id:-4A

ig=4A | 0.1348 | 0.1422 | 0.1502 | 0.158 | 0.1653 | 0.1714 | 0.1759 | 0.1789 | 0.1804

Ig=3A | 01048 | 0.1112 | 0.1181 | 0.1252 | 0.1315 | 0.1366 | 0.1399 | 0.1416 | 0.142

iq= 0.0719 | 0.0767 | 0.0821 | 0.0878 | 0.0931 | 0.0971 | 0.099 | 0.0993 | 0.0987

ig=1A | 0.0367 | 0.0392 | 0.0423 | 0.0458 | 0.0493 | 0.0518 | 0.0523 | 0.0518 | 0.0509

ic=OA | 0.0000 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0000 | 0.0000 | 0.0000

Ig=-1A | -0.0367 | -0.0392 | -0.0423 | -0.0458 | -0.0493 | -0.0518 | -0.0523 | -0.0518 | -0.0509

iq:-ZA -0.0719 | -0.0767 | -0.0821 | -0.0878 | -0.0931 | -0.0971 | -0.099 | -0.0993 | -0.0987

iq:-3A -0.1048 | -0.1112 | -0.1181 | -0.1252 | -0.1315 | -0.1366 | -0.1399 | -0.1416 | -0.142

iq=-4A -0.1348 | -0.1422 | -0.1502 | -0.158 | -0.1653 | -0.1714 | -0.1759 | -0.1789 | -0.1804
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Appendix 4 Measured incremental inductances of the prototype machine

Table A4.1 d-axis incremental inductance at various dg-axis currents [L109a].

th(mH) id:-4A id:-3A id:-ZA id:-lA idZOA id:].A idZZA id:3A id:4A
[ q:-4A 47437 | 46.763 | 45.194 | 42.482 | 38.809 | 33.389 | 29.67 | 24.749 | 21.114
[ q=-3A 48.881 | 48.32 | 47.473 | 44.821 | 40.017 | 34.746 | 29.963 | 24.576 | 20.884
[ q:-ZA 50.357 | 49.861 | 48.756 | 46.922 | 42.479 | 35.585 | 30.192 | 24.441 | 20.333
Iq:-lA 50.694 | 50.613 | 50.537 | 48.00 | 43.939 | 35483 | 29.729 | 23.889 | 20.06
I q—-O. 5A| 51.225 | 51.102 | 50.763 | 48.685 | 44.496 | 3529 | 29.613 | 23.697 | 19.97
| q=0. 5A | 50.283 | 50.249 | 50.185 | 47.752 | 42556 | 34.464 | 27.745 | 22.983 | 20.644
I q:lA 50.892 | 5048 | 49.743 | 47517 | 42122 | 34.147 | 28.08 | 22.974 | 20.334
I qZZA 50.374 | 49.754 | 4848 | 45.355 | 40.521 | 34.142 | 28.092 | 23.235 | 19.713
I q:3A 40.026 | 48.113 | 46.41 | 43.583 | 38.479 | 33.067 | 28.032 | 23.101 | 19.692
I q=4A 47.793 | 46.749 | 44.338 | 40.717 | 36.197 | 31978 | 27.25 | 23.296 | 20.172

Table A4.2 g-axis incremental inductance at various dg-axis currents [L109a] .

Logn(MmH) [ ig=-4A | i5=-3A | ig=-2A | ig=1A | i=0A | i=1A | ig=2A | ig=3A | i=4A
ig=-4A | 49.572 | 47.881 | 46.574 | 44.622 | 42.832 | 41.894 | 40.162 | 38.968 | 37.943
iq:-SA 55.997 | 55.479 | 54.316 | 53.006 | 51.64 | 49.888 | 46.871 | 45.056 42.2
[ q¢=-2A | 61.001 | 60.744 | 61.193 | 59.053 | 58459 | 56.968 | 54.268 | 51.454 | 47.922
Ig=-1A | 66.707 | 67.867 | 68.053 | 66.667 | 64.273 | 61914 | 58.043 | 54.12 | 49.875

ic=-0.5A| 69.28 69.82 | 70.889 | 69.228 | 66.375 | 63.005 | 59.373 | 54.935 | 52.008
ig=0.5A | 70.296 | 70.349 | 69.041 | 67.83 | 64.759 | 62.76 | 57.634 | 54.323 | 49.491
Ig=1A | 65585 | 66.465 | 67.07 | 65.894 | 60.819 | 60.668 | 57.097 | 5293 | 50.117
Ig=2A | 62923 | 61.235 | 59.931 | 58.761 | 56.844 | 55.598 | 52.672 | 49.339 | 44.733
ig=3A | 55.903 | 54.484 | 53971 | 5122 | 50.343 | 49.203 | 46.206 | 44.455 | 41.794
i —4A | 51267 | 47.684 | 46401 | 43.189 | 41.822 | 41.188 | 39.732 | 37.656 | 35576
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Table A4.3 incremental mutual inductance at various dg-axis currents [L109a].

quh(mH) id:-4A id:-3A id:-ZA id:-lA idZOA id:].A id:2A id:3A id:4A
iq:-4A 1.608 4.006 6.814 8481 | 10643 | 12.075 | 12857 | 12811 | 11.973
iq=-3A 2.281 3.467 5.239 7.113 9.216 | 10951 | 11.29 | 11.387 | 11.395
iq=-2A 2.649 3.037 3.98 6.294 8.395 8.896 9.24 8.757 8.546
Iq:-lA 1.082 2.157 3.589 4.267 5.96 6.065 6.017 5.602 5.149

Iq:-0.5A 2.557 3.102 3.905 3.518 4.425 4.342 4.158 4.039 3.687

| q:0.5A 3.721 3.251 2.756 2.035 0.231 -0.272 | -0.871 | -1.567 | -2.183
I q=lA 3.674 3.085 2.236 0.394 -1.289 | -2.167 | -2.942 | -3.036 | -3.166
I qZZA 2.353 1.914 0.974 -1.229 | -3.649 | -5482 | -5994 | -6.526 | -6.925
| q:3A 1.894 0.989 -0.42 -3.353 | -5.131 | -7.076 -8.42 -8.97 -9.12
I q:4A 1.935 -0.28 -2.836 | -4.944 | -7.459 | -9.107 | -10.484 | -10.786 | -10.862
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Appendix 5 Fundamental voltage distortion due to inverter nonlinearity
effects
According to (5.14), the fundamental voltage distortion due to inverter nonlinearity
effectsis,
Du, =- %DU[sign(ialf )+sign(i, ) e’ +sign(i, ) xe'*'?) (A5. 1)

Taking Fourier series analysis, the fundamental phase voltage distortion with six step

form can be derived as[HWA10],

: Du, =- ﬂ[cosd + ;_1)0055d - %cos?d +L]
?Dubs - @[ cos(d - 2 Byeg cos5(d i —) cos7(d —p) L] (as.2)

T
ou, —-%[c s(d+—)+ cos5(d+ IO) lcos?(o|+£)+|_]

where ¢ is the phase angle of fundamental current vector with respect to a-axis. With
rotating transformation, the fundamental voltage distortion on the synchronous reference

frame can be written as,

:Du _-@[cos(d q)+1cos(5d +q)-1cos(7d q,) +L]
! 4pDU &:SL Z (A5. 3)
i Du,=- ——[sin(d - q,)- =sin(5d +q,) - =sin(7d - q,) + L]
i p S 7
Assuming that,
d=q, +%+g (A5. 4)

where y is the phase shift between stator current vector and synchronous g-axis. In steady
state operation, y should be constant. Substituting (A5.3) to (A5.2), then it yields,
} Du =2 [sing + Csin(eg, +5) + sin(eq, +70) + L]
i
DU, =“> - cosg + _cos(@, +5g) - ~cos(Eq, +70) L]
|

p
Only considering fundamental and 6th harmonic components, then it can be derived that,

(A5. 5)

é 12 . 6
éDu,U 4DU écosg - Singie 3" @, +9)

é u»

@Dqu p esing COs’gU(-:~1+3—25cos6(q,+g)

u
a
G (A5. 6)
u
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The above equation implies that the introduced voltage distortion in the synchronous
reference frame is 6th harmonic with elliptic form, whose major axis length is six timesto
the minor axis length. The maor axis of ellipse is aways perpendicular to the
fundamental current vector. When d-axis current is zero (y=0), the mgjor axis of elipseis
paralel with synchronous d-axis, otherwise, it would deviate with y. In other words, as
d-axis current increases along the negative d-axis, the voltage oscillation on g-axis would
increase, while the voltage oscillation on d-axis would decrease. It should be noted that
the distortion voltage €ellipse is only dependent on the phase angle of fundamental current

vector, instead of the current magnitude.
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Appendix 6 Carrier current distortion due to inverter nonlinearity effects
With rotating injection, the carrier current response in stationary reference frame can
be derived as,
Vipn =V, 202 i =1 e @RI g el Rttt (A6. 1)
where, a =w_t+j .
According to (5.14), the carrier voltage distortion due to inverter nonlinearity is,
Du,, =- %[Rah N+ R A, e PP+ R, e P (A6. 2)
Although the real carrier current response becomes different from the ideal
expression (A6.1) due to inverter nonlinearity effects, (A6.1) is still valid for its dominant

contribution in the total carrier current response. Consequently, the introduced carrier

voltage distortion for the cases of Ry, 70, Ron 70 and Ry, 70 is derived respectively.

(Ran#0, Ron=0, Rn=0)

DU, =- 2Ry iy =~ SR, 4, 008@ - p/2)- R, A, 008(-a + 22, +p 2)
Ra.hlpej(a-p/Z)_ Rahln ej(a—Zq,—p/Z)_ Rahl_p ej(-a+p/2)_ _Rahlnej(—a+2q,+p/2)
3 3 3 3

(Rar=0, Ron 70, Rin=0)

DU, = - ZRyipy e = - ZR, {1, cosa - 79 /6) +1,c08-a + 2, - p /6] e

= %ei(a-m) - @ej(a-m,wp/ﬁ) - %ej(-a-pm) - Mej(-amﬁpm
3 3 3 3

(Rar=0, Ron=0, Rn70)

2 . i 2 _
Du, =- EF%hlch e/ lE = gF%h[lpCOS(a +p/6)+1,cos(-a + 2y, +7p /6)]e*"
=- %ei(a-P/Z) - I1h|n eJ(a-Zq,+p/6) _ Rhl p ei(-a+7p/6) _ Rhln ej(-a+2q,+p/2)

3 3 3 3
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As a consequence, the total carrier current response with consideration of distortions

resulting from inverter nonlinearity effectsis summarized in Table A6.1 - A6.3.

Table A6.1 Total carrier current components (6; = 0, Ryn# 0).

Carrier Current | pos

Carrier Current | neg

Voltage Term . .
(Positive sequence) (Negative segquence)
ja j(a-p/2) j(-a+20,+p/2)
Ve I e l.e
- Rahlpei(a-p/Z) Rahlpel(a p) - Rahlpln el(-a+2q:+p)
3 C a/C

. Raln gi@-2a,-p12
3

- Rdhl Pln el@-2a-p)

3V,

C

Rahln ol (-a+43,+p)

C

_ Rahl p ej(—a1+p/2)
3

- Rv‘hl Pln el@+2-p)

3V,

c

Ralp i
_ P gi-a+p)

Ryl plCa+2,p/2)
3

Ra.hln el(a p)

C

Rahl Pln gl(-a+2q:+p)

c

Table A6.2 Total carrier current components (6, = 2n/3, Roh# 0).
Carrier Current | Carrier Current |
Voltage Term . pos . 19
(Positive sequence) (Negative sequence)
ja i(a-p/2) j(-a+20,+p/2)
Ve | e l.e
2
- Rbhlp . %ej(a—p) - Mei(-aﬂqrw)
3 3V, 3V,

- Rinln gia-2,+m009)
3

_ R}hl pln ej(a-qu+p/3)

3V,

C

Ryl pl-a+4a,-p/3
3V

c

|
_ I:ebh peJ(-a-pIG)

_ Rahl pln ej(a+2qr-p/3)

I:\)bhls j(-a+p/3)
-—Fe

3 3V, 3V,
- I:‘)bhlnej(—a+2qr+p/2) Rbhln el@-p) - Rbhlpln gl-a+2 +p)
3 3V, v,

C
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Table A6.3 Total carrier current components (6, = n/3, Ren# 0).

Carrier Current | pos

Carrier Current | neg

Voltage Term . .
(Positive sequence) (Negative segquence)
Vceja [ pej(a-p/2) |nej(-a+2qr+p/2)
2
_ Rchl P ai@-p/2) - Mei(a-p) - Mej(-aﬂqﬁp)
3 KV 3V,

C

C

_ Raln gia-20,4019)
3

Rchlplnej(a-qu-p/S)

3V,

C

2
Raln gic-a+ao, +p13)

3V,

C

_ Rhl p ej(—a+7p/6)
3

Rchl pln ej(a+2qr+p/3)

3V,

c

3V,

c

Rch'i i(-a-p/3
_ el p

~Rala ol -a+2q,+p/2
3

|2
_ Rch n ej(a-p)

3V,

C

_ Rhl pl n ej(-a+2qr+p)
3V

C
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L.M. Gong and Z.Q. Zhu, “A novel method for compensating inverter nonlinearity
effects in carrier signal injection-based sensorless control from positive-sequence
carrier current distortion,” IEEE Trans. Industry Applications, vol. 47, no. 3, pp.

1283-1292, 2011.

Z.Q. Zhu and L.M. Gong, “Investigation of effectiveness of sensorless operation in
carrier signa injection based sensorless control Methods,” IEEE Trans. Industrial

Electronics, vol. 58, no. 8, pp. 3431-3439, 2011.

Conference papers
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