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ATheuniversehas the highest beauty, but it does not speak
a single word. Time proceeds in its most admiratdaner
but it is silent. All things have their complete and distinctive
constitutions but they say nothingbout themThe sages
trace out the admirable operationstbeuniverse and time,
understand the distinctive constituticarsdtherulesof the

world.o

- Chuang Tzu[369- 286 BC]



Abstract

The nonlinearity and uncertaintgf machine parametermpose great difficultiesn
accurate modelingand optimal efficiency controlof interior permanent magnet
synchronous motors (IPMSMdjives.The goal of thighesis is tgroposenovel control
schemes t@achieve accurate and robust optimal efficienoptrol of IPMSM drivesin
both constant torque region and field weakening region

Firstly, this thesis proposesnovel virtual signal injectio(vVSl) based control method
for maximum torque per ampere (MTPA) operation and voltage constraint maximum
torque per ampere (VCMTPA) operationl®MSM drives in constant torque region and
field weakeningegion respectively. The proposed method injects a small virtual current
angle signal mathematically for tracking the MTPA/NVCMTPA operating points and
automatially generatesptimalcurrent commargby utilizing the inherent characteristic
of the MTPA/VCMTPA operations.

Secondly, this thesis proposes a novel conceputhiaesrotor synchronous reference
(d-q) frame based searching techniques compensatehe MTPAVCMTPA control
errors ofcontrol schemes istator flux linkage synchronous referencé) frame Without
lossof generalitythe proposedirtual signal injection control is adopted as an example
of searching schemes in thejdrame and the esiing direct flux vector control is adopted
in the thesis as an examplefdfframe based control schesne

Thirdly, this thesis proposes a novel delirning contro(SLC) schemdor MTPA and
VCMTPA operatios based on the proposed virtual signal itiggt This control scheme
can be trained online and automaticallg@tdo machine parameter variations.

Finally, a novel hybrid control concept which combines the conveitibeld
orientated contrglFOC)and direct flux vector contrDFVC) is proposed to inherit the

advantages al-g framebased control schermandf-t frame based control schemes.
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Chapter 1 Introduction

CHAPTER 1 Introduction

1.1 Propulsion Motors for EVs and HEVs

The limited petroleum resource is increasingly difficult to support the growing huge
energy consumptiorMeanwhile the environmental issues, such as smog, air pollution,
greenhouse effect, acid rain, etc., became the main factors that mpazant health and
economic growthNew energy vehicles, especially the electric vehicles (EV) and hybrid
electric vehicles (HEV)are desirable for substitution of traditional interoaimbustion
engine vehicles. The electric vehicles and hybrid electric vehicles are not only
environmentafriendly, but also have very high energy effidieAs reported irf1], for
urban taffic, the efficiency range of internal combust engine (ICE) in traditional vehicles
is only about 13% 20%, while the overall efficiency of Tesla Roadster is about B3%

In the circumstance that the governments around the world have headarmbitious

goals to reduce greenhouse gas emissions, new energy vehicles increasingly attract
worldwide attentions. U.S. has released policies to encourage the develgimemw

energy vehicles. It plans 1.5 million zeemission vehicles on Califormiroadways by

2025 [2]. Meanwhile, Europe and China also have made their plans to stimulate the
development of new energy vehicles. It is reported that from 2004 to 2012, in 8 years, the
HEV market increased from 165000 to madnart 1.5 million vehicles solfB]. Huge

sales increase will also be achieved for FAfs

The core technologies of new energy vehicles include chassis and body technology,
propulsion technology, energy storage technolfigly According to the method for
propulsion, thanew energy vehicles can be classified into EV and HEV. Further, the EV
can also be classified into battery electric vehicles (BEVs);deiélelectric vehicles
(FCEVs) according to the method of energy storage. The characteristics of different types
of new energy vehicles are givenTrable1-1.

As shown inTable1-1, electric motor drives are essenpabpulsivecomponents for
all of the three types of new energy vehicles, therefore, the improvements of electric
motor drives will have significant conitions to the development of new energy

vehicles.
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Chapter 1 Introduction

Tablel-1

Characteristics of three types of new energy vehicles

Type of vehicle

BEV

HEV

FCEV

internal combust engine

Propulsion electric motor drives : - electric motor drives
electric motor drives
battery
Energy system batter - - fuel cells
gy sy y ICE generating unit
Zero emission low emission Zero emission

independence on crude oi

dependence on crude o

independence on

Characteristics crude oil

relatively short driving long driving range long driving range
range complex/high cost currently high cost

relativdy small battery integration/managing of

. . fuel cell cost
capacity multiple energy sources
Issues —— —
long charging time long charging time fuel generation
battery safety battery safety 9

Currently, the types of motors adopted by new energy vehicles are mainly induction

machines (IMs), permanent magnet synchronous machines (PMSMs), and switched

reluctance machines (SRM3he characteristics of the three types of motors are given

in Table 1-2 and the IMs and PMSMs are the main machines adopted by automotive

industry.

Table1-2
Characteristics of three types of motors
Type of motor IM PMSM SRM
Low cost High efficiency Low cost
Robust Mature Robust
Advantage : -
High torque/power Simple control
Mature - :
density Wide speed range
Low efficiency High acoustic noise
Disadvantage Low tgrqug/power High cost Low torqug/power
ensity density
Difficult cooling Not mature
. Tesla Roadster Toyota Prius John Deere 944K
Application :
BMW X5 Honda Insight Holden ECOmmodore

As can be seen froifeble 1-2, all of the tree types of motors have their own advantages

and disadvantages, therefore, selection of traction matongW power vehicles is a very

important step that requires special attent{@hs
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Fig. 1-1. Efficiency map of: ((Z\)) IPMSM. (b) IM. (c) SRNI7]

Comparative studies of the different types of motors have been performed in the
literature. Referend@]r eported a survey on expertsod o
Referenced5] and [6] provide general overviews of characteristics associated with
different motor types and comparative evaluation methods based on main requirements
for HEV propulsion are also discussed. Referen@sand [10] compared dynamic
operation performances of IM and PMSMopulsion system&ased on the energy
consumed in driveycles, respectively. IfY] and[11], efficiency maps, as shown ig.

1-1, of IM, PMSM and SRM relatt to the steadwtate operation are compared.
According to[7], PMSMs dfer higher efficiency than IMand SRMs between |lovand
mediumspeed range. However, at high speed, the efficiency of PMSMs will decrease
due to increase in iron loss and thé ddy current losses. While INklivers the highest
efficiency athigh speed but has the widest low efficiency region at low speed due to high
copper los$7]. The low efficiency region of SRMs is smaller than tHadtvs but larger

than that of PMSMs, and the high efficiency region of SRMs is smaller than both of that
of the IMs and PMSMs. Moreover, SRMs haueresevere vibration deformation than
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Chapter 1 Introduction

that of PMSMs[7], which means higher acoustic noise and vibration which poses
challenges for noise, vibration and harshness (NVH) qualification.

The energy density of batterissmuch lower than that of gasoline while the charging
time of batteries is much longer than that of gasoline refuelling. For the purpose of
obtaining the maximum mileage per charge nceduce the greenhouse gas emission,
high efficiency motor and minimdbss control methods are require8ls the most
frequentoperation of EVs and HEVs lies between {oand mediunspeed ranges,
therefore, as discussed above, PMSMs are favdarétl/ and HEV applications for the
overall power train energy efficiency and longer mileage. This thesis will focus on high
efficiency control schemes for one of the most commonly used PMSMs, i.mtethier

permanent magnet synchronous motor (IPM3SNMEV and HEV tractions.

1.2 Permanent Magnet Synchronous Machines

Currently, PMSMs are playing more and more important role in automotive industry
and other applications due to their high torque/power density and high efficiency. Based
on their rotor topologe PMSMs can be broadly classified into two main types, i.e., the
surfacemounted permanent magnet synchronous motor (SPMSM) and interior
permanent magnet synchronous motor (IPMSM). The two types of PMSMs are briefly

illustrated below.
1.2.1SPMSM

The schemat of an SPMSM is showmiFig. 1-2. The permanent magnets of the
SPMSM are mounted on the rotor surface. Since the magnetic permeability of ceramic
ard rareearth magnet materials is nearly that of free spb2p the permanent magnet
can be considered as a part ofgap. Therefore, the effective ajap of a SPMSM seen
by the stator winding is equal to the sum of the permanent magnet thickness and the air
gap[13]. Due to the aigapthickness of the SPMSM around rotor is uniform, the winding
inductance is virtually independent of rotor position. Therefore, SPMSMs only have the
alignment torque component which is generated from the interaction between the

armature reaction and permahemagnet fields. However, due to absence of the
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Chapter 1 Introduction

reluctance torque component, SPMSMs tend to consume relatively large amount of
permanent magnets aitds not easy to achieve field weakening control. Moreosiece
the permanent magnet is mounted on therrsurface, the mechanical containment of the
magnets at high speed has to be carefully addressed.

To ensure safety at high speed when the inverter which drives the SPMSM fails, the
maximum induced back electromotive force (emf) has to be limited.réisrement is
in conflict with the need for high torque because both {fgawekand torque in an SPMSM
areproportional to the permanent magnet flux linkage. This conflict can only be resolved
by increase in the inverter voltagenpere (VA) rating, which &&s to large inverter size

and cost.
Stator winding
Permanent magnet
Stator
Fig. 1-2. Schematic of SPMSM.
1.2.2IPMSM

The schematic of an IPMSM is shown ffg. 1-3. A few typical IPMSM rotor
topologies are shown iRig. 1-4, i.e., internal magnets-BMSM), radially arranged
internal magnets (RPMSM), V-shaped internal magnets (?MSM), respectively14].
Different from SPMSMs, the permanent magnets of IPMSMs are buried insideeéhe
rotor core and this difference brings many advantages. First, the permanent magnets are
physically contained and protected by the steel rotor core, therefore, the mechanical
robustness of IPMSMs is improved, which makes IPMSMs more suitable faohigle,

high speed operations. Secondlincethe magnetic permeability of permanent magnet
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Chapter 1 Introduction

is different from that of the steel rotor core, the winding inductance varies with rotor
position, which generates reluctance torque and improves the field wegakapability.
Thirdly, the reluctance torque also decreases the ushgermanent magnets and
increases the torque density. Moreover, the IPMSMs also have a very good overload
capability over entire speed rand®].

Since the PM fluXinkage contributes a portion of the motor torque, the ‘eak of
the IPM machine at high speed is much lower compared to an SPMSM counterpart.
Therefore, the mamum backemf in an IPMSM can be easily limited with increase in

inverter VA rating.

Stator winding

Permanent magnet

Stator

Fig. 1-3. Schematic of IPMSM.

(a) (b) (c)

Fig. 1-4. Different IPMSM rotortopologies: (a)4APMSM. (b) RFPMSM. (c) VIPMSM.
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Chapter 1 Introduction

1.3 Control of IPMSMs

Due to the advantages of IPMSMs, the IPMSM arereasingly being used in
automotive tractions and a variety of applicatiohs.control the IPMSMs, either field
oriented control (FOC) in the rotor synchronous referenap (chme[16]i [19] or direct
torque control (DTCJ20]i [24] and direct flux vector control (DFVQR5]i[27] in the
stator flux linkage synchronous referencd)(frame can be adopted. The relationship
between thal-q frame and the-f reference frame is illustrated kig. 1-5. In the dq
frame,the daxis is aligned with the rotor permanent magnet flux axis asmdsgleads
the daxis by 90 degrees. While for the frame, the faxis is aligned with the stator flux
vector while the-axis leads the-&xis by 90 degrees. Both thegdrame and-t frame
rotate in synchronism with the rotor and their dagdisplacements with respectthe
stationary Uaxis are— and — — 1 , respectively, wherg is the angular
displacement between theagtis and the-bxis."Orepresents stator curmeamplitude.Q,
‘Qrepresent the-cand gaxis current components, respectivély.Qrepresent the and
f-axis current components, respectively.is the flux amplitud€. is the current angle
between current vector and thexjs. Contol schemes in different reference frames will

be reviewed and discussed in the following parts of this chapter.

B

v R

Fig. 1-5. U-b reference framefreference frame andglreference frame.
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Chapter 1 Introduction

1.3.1d-qg Frame Based Control

1.3.1.1Mathematical Model in d) Frame

The mathematical model of an IPMSM in the deference frame can be expresasd
in (1-1) to (1-9) when high order space harmonics are negld@8 whered and0
are the dand gaxis inductances) andu are the dand gaxis voltages, respectively.

is the flux linkage due to permanent magnRis,the stator resistangeis the number
of pole pairs;Y and"Y are the electromagnetic and load torques, respeciivelys rotor
angular speed, is rotor electrical angular speetl is the friction coefficient of the
motor andJ is themoment of inertia of the motor and load. The current ampliiDde
expressed irf1-5), should be limited to the maximum permissible current amplitDde
Similarly, voltage amplituda) , expressed if{1-8), should be below the maximum

voltage amplitude

'aQ
Al ”n o [ 7, . ”n e, . 1_1
T YQ 5 0 n (1-1)
(910)
A ”n - [} 7, . ”n o, 1_2
T YQ 17 00 (-2
Y % N 0 0 QQ (1-3)
o 1.4
Y Y 6] -5 (1-4)
0 Q Q O (1-5)
Q ‘a Qe (1-6)
0 OhE (1-7)
V) U U U (1-8)
T ni (1-9)

Due to magnetic saturation often present in an IPMSM, the PMiflkage and eh
axis inductances are dependent enpakis currats. Further, the stator resistance and the
PM flux-linkage alsovary with temperature, which iturn influence the dq axis
inductances through ndimear magnetic characteristics. Therefore, the parameters of the
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Chapter 1 Introduction

machine are largely dependent on operating conditions.

1.3.1.2MTPA Control of IPMSM ind Frame

As can be seen frofd-3), the torque is contributed by the alignment torque component
as the result of the interaction of the permanent magnet flux linkage with-akis g
current, and the reluctance torque component due to the difference mahe gaxis
inductances. Accordg to(1-3), each’Y corresponds to various combinations efdd
g-axis currents. Therefore, to choose an optimalral gaxis current combination for
minimum loss becomes the main issue of IPMSM drive control.

In order to control the-dand gaxis currentfield oriented control (FOC) is adopted
[18], [29]i [31]. The schematic of the FOC is show Fig. 1-6, wherethe errors between
the reference current®), 'Q, and the measured current®, Q, are fed to two
proportional and integral controllers (PI controllers). The referenardigaxis voltages,

0", 0%, are equal to the sums of the outputs of Pl controllers and the decoupling terms.
The decoupling terms are introduced to minimize the ecospling effect between the
d- and gaxis contol loops, and hence improwdynamic performame of the drive,

particularly athigh speed.

v*
iy >(+) > PI >+ ) 25 d
s £ tg > SVPWM
5 . q 5
ig > )—s| 1 _)@ abe >| Inverter
A ia
: i || abc |e
pwm(Ldld + wm)" Lqumlq N 1 AR
) i A A A ) to b VY
gl ' dq |1 (] [
M le 1 IPMSM | (LD
| wm-. \/

Wm
Fig. 1-6. Schematic of FOC.

For field oriented control scheme, as showkim 1-6, the d and gaxis currents can
be accurately controlled based on the two current feedback loops. At early stages of
|l PMSM drive development, QF® M&EMet welheéd < ©m
60=0 control 6 iagisconponantoohtheraomaturé duregot zero. The

advantage of this control scheme is that the torque is proportional to the armature current

Page P



Chapter 1 Introduction

and thedemagnetization of permanent magnet matecatsbe avoide{B2]. However,

as many permanent magnet materials have large coercive force, there is no need to control
PM machinesn such a conservative wgy1]. The unity power factor control was then
proposed to control th@ower factor alwayas equalo one. In this way, the current vector

is in the same direction as the voltage vector. Beside the unity power factor control,
constant fluxlinkage control method was proposed to control the phase current such that
the fluxlinkage and induced electromotive force are kept constant at any load. A
comparative study of the three control methods mentioned above was conducted by
Shigeo Morimoto and his colleagueq¥1i].

For EV/HEV traction applications, due to the limited battery capacity, high efficiency
IPMSM operations are desired. Since the copper loss is the donmsanhlconstant
torque region, in order to obtain the maximum torque and reduce the copper loss, the
maximum torque per ampere control (MTPA) has been progd&$d[33]i [35]. The
schematic of constant current loci and constant torque loci in-dhieasne are shown in
Fig. 1-7. As can be seen fRg. 1-7, given that the current amplitude is calted from
(1-5), the constant current amplitude loci for different current amplitudes are circles,
therefore, the constant current amplitude loci &e aamed as current circlg&s]i [39].

An MTPA point is the point at wkh a current circle is tangential to a constant torque
locus. In other words, MTPA points are the intersection between the constant torque locus
and the current circles with minimum magnitude of the current vector, and the MTPA

point trajectory is also sk in Fig. 1-7.

q

MTPA points
tl-ajectqry T VT//Tez
_ Toa
Constant torque loci AN e

Fig.1-7. Constant current loci, constant torque loci, and MTPA trajectory.

Page [LO



Chapter 1 Introduction

Since an MTPA point is at the tangent point between a constant torque locus and a
current circle, the optimal current andle, , for MTPA operation with a given current
magnitudéOcan be derived by letting the derivative of torque with resjpeitte current
angle T "Yj! T to zero. Substituting1-6), (1-7) into (1-3) and lef "YjT T T, the

optimal current angle for MTPA operationaspressedn (1-10) [40]:

(1-10)

f i Q¢

The optimal d and gaxis reference current§) , Q , for MTPA operation can
be obtained by substituting-10) into (1-6) and (1-7), respectively. It is evident from
(1-10) that the current angle for MTPA operation is dependent on the matampters,
e.g.,0 B and . However, IPMSMs are weknown for their nonlinear machine
parameters because of magnetic saturation and-coogding effect§40] as shown in

Fig. 1-8 for an IPMSM designed for electric vehicle (EV) traction

60 i B
. v i
1,(A) 100 15 20 ()

80

(€)
Fig. 1-8. Nonlinear IPMSM machine parameters. (a)as a function of dand gaxis currents. (b):
0 as a function of dand g axis currents. (c): as a function of dand gaxis current$41]. The

results apply tdhe machine used throughout this thesis and the data will be given in Chapter
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Chapter 1 Introduction

The machine with the parametes showfim 1-8 will be used throughout this thesis
and the data will be given in Chapter Rurther, since the remanence of permanent
magnets varies with temperature, the permanent magnet flux linkagejs also
saturation. The nonlinearity and uncertainty of the IPMSM machine parameters imposes
a great challenge for realization of the MTPA operation inweald appliations.

In order to achieve MTPA control, many control schemes have been proposed in the
literature. In[12], [33]i [35], [42], [43] the MTPA points were calculated assuming that
the motor parameters are constant. In order to take the machine parameter nonlinearity
into account, dand gaxis inductances as functions of currents have been proposed in
[44]1[46]. While in[36], [40], [47] [49], look-up tables (LUTSs) are utilized to facilitate
the MTPA control with nonlinear machine parameters. The LUT data may be obtained
from the numerical analysis of electromagnetic field of the machine or from a set of
experiments. However, these control schemegslhirely on the prior knowledge of
machine parameters or the data stored in-lgpkables As machine parametervary
under influence of magnetic saturation, crosspling and temperatui&0], [51], the
performance of these control schemes cannot be guaranteed.

To achieve machine parameter independent MTPA operation, search algorithms are
proposed if52]i [54] to adjust the current vector until the resultant current amplitude is
minimized for a gren load torque. These control schemes do not require prior knowledge
on motor parameters but exhibits low torque control accuracy under the influence of
torque disturbance and current/voltage harmonitese control schemes also suffer
from therelatively poor dynamic performand29] due to slow converging rate

Recently, new methods for the MTPA operation by injecting {figquency current
signal into the motor have been proposed. By injecting-fiigfluency current signals
into motor, the resultant torque contains a variable component. Due to the factathat at
MTPA point the variation in torque caused by the variation in the current angle is zero,
that ist "YjT f m, the MTPA point can be detected and tracked. Since it is less
convenient to measure the torque and its variation, variation in speed wasl unil&5]i
[57] instead of torque variation. The convergence properties as well as stability of this
method were analyzed JB8]. In[59] variation in mebanical power was utilized instead
of torque variation. However, these signal injection based control schemes may be

affected by harmonics in terminal voltage and current. Moreover, the frequency of
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Chapter 1 Introduction

injected signal is limited by hardware and the injectgdad results in additional power
losses.

In Chapter 2 of this thesis, a novel virtual signal injection control (VSIC) method is
proposed. This method is parameter independent in tracking the MTPA point as well as
robust to current and voltage harmonics and parameter variations. Moreover,nbtoes
inject any real signal into the motor, and hence the problems associated wsigmeal
injection such as deterioration in control performance, sensitivity to harmonics, resonant

problems and additional power losses are avoided.

1.3.1.3Field Weakening Cdrol of IPMSM in dq Frame

According to(1-1), (1-2) and(1-8), the voltage amplitude), , is dependent on rotor
speed, . In real application) should be smaller than  which is determined by
modulation techniques and inverterldt voltage.0  can be calculated froifi-11)
[50].

0 QU (1-11)
where0 is the inverter ddink voltage.Q , given inTable 1-3, is modulation factor

associated with different modulation techniques

Tablel1-3
Characteristics of three types of motors

Modulation | Sinusoidal PWM| Third-harmonics injection | Space vector PWM| Six-step
technique (SPWM) PWM (THIPWM) (SVPWM) PWM
Q 8 £ £ >
C Vo Vio

From (1-1), (1-2), and(1-9), when motor is operated at steady stéte) can be
expressed i(1-12).
YQ 1 0Q YQ 1 0Q 0 (1-12
As the voltage drop across stator resistance is rebativeall compared with |, the
voltage drop across stator resistance can be igndrd®) can be expressed (@&-13).
The resultant current vector loci for different angular frequencies are also known as
voltage ellipse or voltage limit glise[16], [34], [36], [60]
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0
0Q 0Q . (1-13)

The maximumcurrent circle, voltage ellipses, constant torque loci, and MTPA
trajectory are showim Fig. 1-9. As shown in Fig. 9, when increases, i.e., &m]
to] , the corresponding voltage ellipse shrinks. When the rotor speed is beyagnd
part or whole of the MTPA trajectory will be outside the corresponding voltage ellipse
and the MTPA operation at the MTPA points outside the voltage ellipse will not be
possible due to the voltage limit. In order to fully utilize thelidk voltage, fidd
weakening control is needed. As can be seen Fignl-9, pointsB, C, Dare all on the
constant torque locus 0Y . When rotor speed is equal to , the pointB, a MTPA point,
is outside the voltage ellipselof . To maintain’yY , the mobr can be operated at point
C by increasing ¢hxis current amplitude while decreasinguqs current amplitude, as
shown inFig. 1-9. Similarly, when rotor speed is equal to , the motor can be operated
at pointD. Since the éhxis is aligned with the rotor permanent magnet flux axis, increase
of the magnitude of negativeakis current will increase the component alcteon flux
which is opposite to the flux excited by rotor permanent magnets and the resultant flux
will be weakened. Therefore, such control scheme is called flux weakening or field
weakening contrdl19], [38], [61].

(‘fea S Wep< Wee < Weg< Wee

Constant )
torque lqg_i """"""""""" T

Te 2

“% MTPA
i trajectory

Fig. 1-9. Maximum current circle, voltage ellipses, constant torque loci, and MTPA trajexftory
IPMSM in d-g axes coordinate.
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Fig. 1-10 shows the variations of torque and voltage amplitude wdkisl current for
a given current amplitud&), when the required voltage for the MTPA operation is
greater than the voltage limit. If theakis current magitude decreases towards the
MTPA point, the torque andl will increase. Therefore, when voltage amplitude is equal
to the voltage limit, the motor can produce the maximum torquethdtyivencurrent
amplitude, and this condition is independent afi ilmss because it is uniquely determined
by the voltage limit and current amplitude. Such operation points are hamed as voltage
constrained maximum torque per Ampere (VCMTPA) poi6fs.

60 ‘ - : - - ‘
‘ == Constant current amplitude locus ‘
50r ]
=i
> MTPA point
Z 40 P
D e e e— e— e— — — — — — — — —
@ | VCMTPA point Maximum torque
S 30¢ ]
3 I
20f |
40—t
I ‘ Voltage amplitude
1207 I ]
<100 | v f
g I iv = Vpmax — Va
= 80+ error — Ymax a |
S
N ¥ e N —
60" Voltage limit |
40

-70  -60 -50 -40 -30 -20 -10 0
d-axis current (A)
Fig. 1-10. Variations of torque and voltage amplitude withxds current for given current amplitude
O

According to(1-13), the VCMTPA reference-dxis current;Q , for field weakening

controlis expressed i(iL-14).

Q _ £ 0 b Q (1-14)
0 0 1

As mentioned above, in order to expand the speed operating rangsydakdning
control is needed. In general, there are two kinds of-figdkening controls in the-gl
frame. One is feed forwafd2], and the other is feedback fieikakening contrd63].

The feed forward field weakening control is based orBR mathematical modg4].
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Chapter 1 Introduction

The optimal reference-@nd gaxis currents of feed forward field weakening control can
either be generated from loaip tables whose inputs are reference torque and rotor speed
or be generated froifi-14) and(1-15) when rotor speed is above the based speed.

o~

"fz 5 )
1' 1
O, l“) l“, "fz (

The advantage of feed forward field weakening control is its fast response. However,
since the feed forward field weakening control is dependent on the knowledge of machine
parameters, the control performance of the feed forward field weakening control is
di fficult to be guaranteed due to-linkhe machin
voltage variations.

On the other hand, in feedback field weakening corn@®), the reference-dxis is
obtained from a proportional and integral (Pl) compensator wingse is the voltage
error which is given irf1-16). Here0” is the reference voltage amplitude giverilii7).

0 and0” are the dand gaxis reference voltages, respectively.
0 0 VR (1-16)
v b b? (1-17)

Theschematic of feedback field weakening control scheme is shofig. 1-11. The

YQin Fig. 1-11is the output of the Pl compensator. Because in constant torque region,

0 is always larger than zero, in order to maintain MTP&ragion,Y'Q should be

limited tobesmallerthanor equal to zer@3], [64].

- v,
i >F) > > L
1 U e 49 i gvpwm
MTPA i M v to >
T,—> Look-up ) ————>E)—>| PI l >(+) dyl  abe [ Inverter
Ald < 0 .
table } r
imit a
) Becoupling abe le 7 R
Ld y to byg,* } ‘
= 1 da el 1pMsM | CT
| Qrror 3 iq —, wm \-\_ \‘~\ J
[ lverror = Vmax — Va | . ,,
Yq
* * * Z <
vg = ’(vd)z 5 (vq) <
Vg

Feedback field
| weakening compensator

Fig. 1-11. Theschematic of feedback field weakening control scheme.
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When motor is operated in field weakening region, if the referere@sdcurrent for
field weakening control is insufficient, the current control loop will saturate and the
corresponding)’ will be larger thand , which causes® to be negative.The
negativev will drive the Y'Qto increase in the negative direction, and as a result, the
amplitude of the ¢hxis reference currerif), increases unti ¢ Thus,YQwill
compensate for insufficient-ais curr@t to prevent the current regulators from
saturation by decreasing until it equals to0 . The compensation is parameter
independent.

However, when the amplitude of the referencexis current is larger than the
amplitude of the VCMTPA xis current due to the inaccurate machine parameters,
according 6 Fig. 1-10, 0” is smaller tham . ThereforeY"Qwill be kept equal to zero
and the voltage feedback loop is no longer in action and hence the VCMTPA control in
the field weakening regiocamot be achieed.

In order to avoid the disadvantages of the conventional feed forward and feedback field
weakening control, in this thess,novel field weakening control scheme that combines
virtual signal injection control (VSIC) together with voltage feedback based field
weakening control is proposed in Chapter 2. The proposed novel field weakening control
scheme also exploits the advarga®f feed forward field weakening control method so
that it not only has fast response to torque demand but also is parameter independent in
searching the minimal current amplitude points, i.e., the MTPA in constant torque region
and VCMTPA points in fiel weakening region.

1.3.2f-t Frame Baseal Control

1.3.2.1Direct Torque Control

The IPMSM motor drives can also be controlled in th&&me which is shown iRig.
1-5. Compared with the-d frame based control, th& frame based control can regulate
the stator flux amplitude directly and can manage motor voltage limit in field weakening
region without l@k-up tables of current or flux referendé®]. Therefore, the-f frame
based control scheme can easily cope with voltage saturation sibeittes performance
in field weakening regiof66], [24].
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In order to control motors in thetfframe,direct torque control (DTC) as firstly
proposed by Takahashi and Nogu@H] for induction motor drives. Since then, the DTC
became another important control scheme beside the FOC. In the literature, conventional
DTC is mainly achieved by controlling the statarxf magnitude and electromagnetic
torque through hysteresis regulators based on switching {&Blg§70].

The principle of the convéional DTC operation is shown Fig. 1-12. Fora twolevel
inverter, there are eight output voltage vectors, i.e., 6 active vectryso and two zero
voltage vectorso andw [71], [72]. Due to the trajectory aftator flux vector moves
in the direction of the inverter output voltage ve¢6x], the stator flux vector and torque
can be controlled through voltage vectors directly. For example, as shdwa 12,
the taxis is aligned with , while the taxis leads the-&xis by 90 degrees. If a voltage
vector with positive faxis component, i.eq or w, is applied to the stator winding, the
amplitude of increases, otherag, ifw or w is appliedthe amplitude of decreases.
Similarly, if a voltage vector with positiveaxis component, i.eq or w, is applied to
stator winding, the resultant torque increases, otherwige oif & is applied the torque
decreases. In this way, the trajectory ofcan be controlled within the hysteresis band

shown inFig. 1-12.

pd = ;’% \“\“\
om/” gt AN
/ 7 v, 010 v, (110) \ ¥ LT 1

I V> (000) — N v
H v, (01D ' % TTe !
Inverter oulpul\ voltage vccl(:)r e ///
\“B 51 /
55y (001) v, (010)
\ o Hysteresis band
. S6 =~

Fig. 1-12. Pri_ﬁtfzﬁlferoif DTC operation.

In order to propdy select the optimal voltage vectors, the plane is divided into six
sectors, i.e.;Y to Y. The torque and stator flux control signalsand- from the

hysteesis comparators are defined1718) and(1-19), respectively.
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o increaseY
- (1-18)
P decreaséY
o increase
- (1-19)
P decrease

The optimal switching table for appropriate selection of the voltage vectors is given in
Tablel-4.

Tablel-4
Optimal switching table

. - h (-1-1) (-1,2) (1-1) (1,1)
Y ] ] ] "
Voltage vector w w w w

. - h (-1/1) (-1,1) (11 (1,1
Y ] ] ] ]
Voltage vector (&) W W w

- - h (-1/1) (-1,1) (1-1) (L.1)
Y ] ] ] ]
Sector Voltage vector w w W w

- - h (-1/1) (-1,1) (1-1) (L.1)
Y ] ] ] ]
Voltage vector w w W w

- - h (-1/1) (-11) (1-1) (L.1)
Y ] ] ] ]
Voltage vector (&) W (&) w

B - F} ('11-1) ('111) (11-1) (111)
Y ] ] ] .
Voltage vector W W w W

The block diagram of the DTC is shownhig. 1-13. The torque regulator and flux
regulator are two hysteresis comparators. The inputs of the torque regulator is the error
between reference torqu#,, and observed torqué&y. The output of the torque regulator
is torque control signal, . While the input of the flux regulator is the error between
reference flux amplitude, *, and observed flux amplitude,. The output of the flux
regulator is flux control signal, . Then the resultant and- are input into the

switching table ifTfable1-4 and the voltage vectors can be selected.

3
T @_ | Torque T

Y regulator

Optimal
0, —> switching Inverter
table

Flux ey ) l l |

“| regulator

Flux and [ IPMSM [ (
torque We | A\ \J
observer

—T—r Vabc

labc

Fig. 1-13. Block diagram of DTC scheme
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Compared with the FOC, the conventional DTC does not need integral regulators,
therefore, the DTC has an arguably faster torque response thg@ HO@oreover since
the DTC directly controls stator flux magnitude, it can easily achieve field weakening
control by directly limiting the flux magnitude. M@ver, in real applications, due to time
delay caused by the fixed sampling rate of a controller, the stator flux and torque will
exceed the predefined hysteresis bands, which causes relative large flux chattering and
torque ripples. And the hysteresis Halso causes undesired steathte torque control

error[69], [70] as well as variable switching frequsy.

1.3.2.2Improved Direct Torque Control

To solve the issues of the conventional DTC[20], [73], space vector pulse width
modulation (SVPWM) is integrated in the DTC and the torque ripple is significantly
reduced. The block diagraof the improved DTC by means of space vector modulation
is shown inFig. 1-14.

Equation | ¥

B 12

WS | Reference

q;é voltage L SVPWM
vector Inverter

s = — | calculator
h P T

Flux and t w, [ [
ux and torque e pmsM | (0
observer S \

N N b g

Flux limit

. Equation
Te— (121

Torque limit

Flux vector calculator

VYabc

Fig. 1-14. Block diagram of improved DTC e
As shown inFig. 1-14, instead of the hysteresis controllers and switching table, the flux
vector of the improved DTC is dicy determined by reference flux amplitude,, and
reference flux linkage positior=. A proportional and integral (P1) controller is utilized
to obtain the change of flux linkage position;—within each sample time through torque
error. The—is equal to the observed flux linkage positien, plusw — The reference

voltage vector can be calculated by the reference voltage vector calculator b@sg2@)pn

where0” is reference voltage vector,” is reference flux vector, is observed flux

vector,”Yis sampling period.
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) (1-20)
) v,

The reference torque is limited by the maximum torgMe, , which can be calculated

from (1-21), whereQis the faxis current.
o

YoY a0 (1-2)

In field weakening region, in order to maintain the voltage amplitudeyithin the
maximum voltage amplitud®, , the flux amplitude is limited b§1-22), wherg is
rotor electrical angular speeR is the stator armature resistan®is t-axis current

component.

1£ 0 YQ YQ (1-22
The improved DTC retains tfalvantages of conventidaTC, e.g., independencd
machine parameters in field weakening region, no current control loop,[29¢.,

Moreover, due to the integration of SVRWthe torque ripple is effectively reduced.

1.3.2.3Direct Flux Vector Control

Directflux vector control (DFVC)25]-[27] is another kind of control scheme in the f
t frame. This control scheme datly controls flux amplitude anegixis current based on
themathematical model of IPMSM in the frame. The mathematical model is expressed
in (1-23) to (1-26).

Q
\ ] 7, - 1_23
0 YQ o (1-23
o

R SR 1-24
0 'YQ IR A (1-24)

o
uY —h "Q (1_25)

C
Q 0 0 (1-26)

The block diagram of the direct flux vector control is showim 1-15. To ensure
the IPMSM drive operates within the current and voltage limits, the reference tofque,
is limited by(1-21). The reference flux amplitude,’, is limited by(1-22), i.e.,for field

weakening controlThe taxis reference currerif), is generated frorl-25) and limited
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by (1-26). The observed flux amplitude anehtis current are denoted by and HJ
respectively. As proposed [B5], the stator flux linkage is directly regulated by the f
axis voltage while theaxis current is regulated by thetis voltageCompare with the

DTC, the advantage of DFVC is that the stator current amplitude can be effectively
limited since the-tixis current in DFVC is controlled in closed lof@5]. More details

for the DFVC can be found {25].

Equation Vr f v,
* > —> : s fit a 5|
¥ (1-22) K |¥sand i « | to Uy | SVPWM
Field weakening 7 Pl Ve Ve J| Inverter
* Jeontroller Aabc i
g 1
. L,/ Equation *—i¢| Equation @, : abc [° ig
Te (1-21) "E’ (1-26) la |to [ ip , YV
Torque limit C=1/3p/2) i, limit - Flux observer [€ is @B [Sa [l IPMSM (0
1 \. N/
Wi

Fig. 1-15. Block diagram of direct flux vector control.

1.3.2.4Flux Observer

For the ft reference frame based control, a flux observer is needed. The flux vector can
either be estimated from voltage model giver§l#27) or from current model given in

(1-28). Here and are the observed- andf -axis flux components)® and0® are
the| - andf -axis eference voltagesQ and ‘Q are the measured- andf -axis

currents. and are the observed @nd gaxis flux components.

0° YQ QO
(1-27)
0 YQ Qo
0 Q
60 (1-28)

The block diagrams of voltage model based flux observer and current model based flux

observer are given iRig. 1-16 andFig. 1-17, respectively.
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ig—— ¥, = j(v; — Ri,)dt

Fig. 1-16. Block diagram of/oltage model based flux observer.

7
/

Yq = Lgiq

id > @d = Ldid + I]Um

Fig. 1-17. Block diagram of voltage model based flux observer.

As can be seen froffig. 1-16, voltage model based flux observer is independent from
machine parameters except stagmistance. Since at high speleé voltage drops on the
stator resistant and inverter are relatively small compared with vadiagétude, the
stator resistance can be assumed as its nominal value and the flux vector can be estimated
by voltage model based flux observer with reldyivegh accuracy74].

In practice sincethe voltage model basediX observer is based on integration of the
induced voltage, voltage model based flux observer may suffer from drifting problem. In

order to avoid the drifting issue, closed loop flux observer was proposed. The simplified
block diagram of closed loop fluxbservers is illustrated iRig. 1-18. The in Fig.

1-18 is the flux vector estimated by current model based flux observer, asdthe

output of the closed loop flux observer. and are voltage and current vectors,

respectivelyAs canbe seen fronfrig. 1-18, the difference between and s input
into a proportional and integral (PI) controller to correct the voltage mmabedd flux

observer.

Voltage model based flux observer

= 1 =
Ri, G

Vg —

Current model based
flux observer
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At low speedsincethe voltage amplitude is relatively small, the stator resistance and
inverter voltage drop malyavesignificant effect on voltage model based flux observer.
Therefore, at low speed, current model based flux observer is preferred although the
current modebased flux observer relies on machine parameters as shdvq 17,
and inaccurate machine parameters may affect the accuracy of current meddllbas
observer.

In order to take the advantages of current model based flux observer at low speed and
voltage model based flux observer at high speed, the PI controller in closed loop flux
observer is tuned for the best combination of the two mioaletd flux observers. The
block diagram of theonventionatlosed loop flux observer is shownkig. 1-19., and
1 of the PI controller inFig. 1-19 are the damping ratio and crossover frequency,
respectively, associated with the combination of the two outputs. As discud3eéd, in
the voltage model Wibe dominant above the predefined crossover frequency while the

current model will be dominant below the crossover frequency.

Current model [‘Vm o .
0 [

(1-29) (1-31)

lpd
effq

AR i

i Fo—E ;
* + - a,
Ve |i to <—6"
wh | 7 d.q
Hooty [M’a] [[PIJ
PI controller L‘-%
(1-30)  (1-32)
"ps g&‘
Fig. 1-19. Block diagram of flux observer.
The observed-thnd gaxis fluxes, and , can be obtained through, and—,

as shown irFig. 1-5. The estimated angle between thexis and the @xis;] , can be
calculated fron(1-29):

1 OAT— (1-29)

The observed flux amplitude can be calculated froifi-30):
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(1-30)

The observed-axis current,Hucan be generated froft+31) with the measured-cnd

g-axis currentsQandQ
H QAT O QOET (1-31)

The estimated angle betweeaxXis and -axis,—, can be calculated fro(d-32).
— OAT— (1-32)

The closed loop flux observer showrFiy. 1-19is adopted irthis thesis.

1.3.2.5MTPA Control in ft Frame

As mentioned above, thd frame based control schemes can easily cope with the field
weakening control by directly limiting the reference flux amplitude. However, due to the
machine parameter uncertainty and nonlinearity, MTPA operation inttfrarheis also
challenging.

Currently, MTPA operations fortfframe based control schemes are mainly achieved
by controlling the reference flux amplitude. The optimal reference flux amplitude can be
generated through mathematical mofi#d] or predefined lookup tables which are
obtained from experiments or numerical machine mgtte. However, the £ frame
based MTPA control schemes are affected not only by the error in thenadeftux
amplitude due to the machine parameter uncertainty and nonlinearity, but also by the flux
observer error in the flux control logp7]. Thus, compared with-d frame based MTPA
control schemes-tf frame based control schemes are vulnerable to flux errors in the
reference and observig2].

In order to reduce thdependency on motor parameters for MTPA operations with the
f-t frame based control of IPMSM drives, search algorithms were, therefore, proposed in
[78]. Although this scheme does not depend on the knowledge of machine parameters, its
accuracy was affected by voltage and current harmonics and load torque disturbance. In
[79], a signal injection based MTPA point tracking scheme was proposed based on the
principle of extremum seeking control (ES8)], [58]. The MTPA tracking is based on
the fact that the rate of change of current amplitude with respect to injected reference flux

perturbation at MTPA points is zero. Instead of injecting sinusoidal signal at fixed
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frequency[55], [58], [59], this control method injects a random signal into the reference
flux amplitude to avoid the residual torque harmonic at the injected signal frequency.
However, as a result of the injected sigtisis method causes additional copper/iron loss
and additional torque ripple. Moreover, the errors in flux observer may also deteriorate
the MTPA control quality.

In Chapter 3 of this thesis, a novel MTPA control scheme in-tieame is proposed.
This control scheme adopts a novel concept that utilizgsfhme based searching
techniques to compensate the MTPA control errors oftlfieme based control schemes.
In this way, the proposedtfirame based control will be independent from flux observer
errors. Moreover, by using thegdframe based searching schemes to compensate the
error of reference flux amplitude, the MTPA control accuracy and the robustness of the

f-t frame based control scheme can be significantly increased.

1.4 Overview of Research

The main objective of the research described in the thesis is to address the difficulty of
accurate MTPA operation and VCMTPA operation of IPMSMs due to the nonlinear
machine parameters and machine parameter variations. The thesis contains 6 chapters and
the content of each chapter is briefly summarized below.

Chapter 1 introduces the global trend of new energy vehicles and cardjjment
types of motors adopted by new energy vehicles. Chapter 1 also introduces the state of
the art of MTPA operation anfield weakening operation for IPMSMs in theydrame
or f-t frame and compares the advantages and disadvantages of each control scheme. The
technical challenges for realising MTPA and VCMTPA operations over a wide torque
speed range with varying temptena and battery voltage are highlighted, and limitations
of the current statef-the art in addressing these challenges are also described.

Chapter 2oroposesa novel virtual signal injection control (VSIC) method for MTPA
operation and field weakeningeration of IPMSM drives in the-g frame. The proposed
method injects a small virtual current angle signal mathematically for tracking the MTPA
or VCMTPA operating point and generatingaxis current command by utilizing the
inherent characteristic of tdTPA and VCMTPA operation. This method is parameter
independent in tracking the MTPA/VCMTPA points and it does not inject any real signal
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to current or voltage command. Consequently, the problems associated with real high
frequency signal injection, suas increases in copper and iron loss can be avoided.
Moreover, it is robust to current/voltage harmonics and motor torque disturbances. The
proposed method is verified by simulations and experiments under various operating
conditions on a prototype IPMSMide system.
Chapter 3 proposes a novel concept that utilizgdrdme based searching techniques
to compensate the MTPA control errors of therfame based control schemes. Without
lossof generality, the direct flux vector control is adopted in Chraptes an example of
the £t frame based control scheme and the virtual signal injection control (VSIC) is
adopted as an example of searching scheme in-théraime. The proposed method
virtually injects a small high frequency current angle signal faking the optimal flux
amplitude of MTPA operation in constant torque region. A control method that can
achieve smooth transition between constant toque region and field weakening region is
also proposed in Chapter 3. The proposed control scheme in CBaptest affected by
the accuracy of flux observer and is independent of machine parameters in tracking the
MTPA points and will not cause additional iron loss, copper loss and torque ripple as a
result of real signal injection. Moreover, by employingaadbpass filter with a narrow
frequency range the proposed control scheme is also robust to current and voltage
harmonics, and load torque disturbances. The proposed method is verified by simulations
and experiments under various operating conditionspwatatype IPMSM drive system.
Chapter 4 proposes novel skdarning control schemes for IPMSM drives to achieve
MTPA operation in constant torque region and VCMTPA operation in field weakening
region with fast response. The proposed-kalfning controschemes (SLC) are based
on the virtual signal injection control proposed in Chapter 2 and 3. Initially the reference
d-axis currents or reference flux amplitudes for MTPA operation are tracked by virtual
signal injection, and the data are used by the m®gaontrol scheme to train the
reference ebxis current map or reference flux map. After training, the proposed control
scheme generates the optimal refereneeid current or reference flux amplitude with
fast dynamic response. The proposed controlmehean achieve MTPA or VCMTPA
control fast and accurately without accurate prior knowledge of machine parameters and
can adapt to machine parameter changes during operation. The proposed control scheme

is verified by simulations and experiments under wegioperation conditions.
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Chapter 5 proposes novel hybrid control scheme for IPMSM drives. The proposed
control scheme combines conventional field orientated control (FOC) with direct flux
vector control (DFVC). At low speeds, the machine driveoistrolled through dand g
axis currents, while at high speeds the direct flux vector control is adopted. A shape
function is utilized by the proposed control scheme to achieve smooth transition between
the two control schemes. Therefore, the proposetta@@theme inherits the advantages
of both the direct flux vector control and field orientated control while avoiding their
disadvantages. The proposed control scheme is verified by simulations and experiments
under various operation conditions on a piyje IPMSM drive.

Chapter 6 presents the conclusion and suggestion for future work.

Finally, at the end of this thesis, the configuration of the inverter adopted for the
experimats in this thesis and the introdion of programming the inverter is prod
in Appendix A. The key blocks in Simulink models of the proposed control schemes in
this thesis is given in Appendix B. The erroalgsis of virtual signal injection is given
in Appendix C.Appendix D introduces the high fidelity machinedel adptedby the

thesis.
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CHAPTER 2 Virtual Signal Injection Based
Field Orientated Control

2.1 Introduction

As has been described in Chapter 1, the interior permanent magnet synchronous motors
(IPMSM) are increasingly being used in a variety of applicatj8a§due totheir high
efficiency, high power density, high reliability, and good fialdakening performance
[31], [60], [82], [83]

In constant torque region, in order to achieve optimal efficiency of an IPMSM drive,
the maximum taque per ampere (MTPA) operation is often necessary by controlling the
current vector according to load conditigh], [33], [42]. However, due to the magnetic
saturation, crescoupling effects, manufactuririglerance, material property variation
and temperature variation, the paeters of IPMSMs are highly nonlinear and uncertain
[40]. This imposes a great challenge for realization of the MTPA operatrealiworld
applications.

As proposed if12], [33]i [35], [42], [43], the MTPA points were calculated assuming
that the motorparameters are constant. However, real MTPA operation will not be
possible due to parameter variations under influence of magnetic saturation, cross
coupling and temperaturgp0], [51]. To take into account the effects of magnetic
saturation and crossoupling, flux linkage due to permanent magnets arehd gaxis
inductances as functions of currenvédeen considered if#4]i [46]. However, it is
difficult to derive accurate and computationally efficient models for these parameters as
functions of curents.

In [36], [40], [47]i [49], look-up tables (LUTs) are employed to facilitate the MTPA
control. The LUT data may be obtained from the numericalyais of electromagnetic
field of the machine. Howevetthe accuracywill be dependent on manufacturing
tolerance, material property variations and temperature. It is also possible to extract LUT
data by performing a set of experiments, however expetahapproaches aretheer
time consuming and require considerabigre resources while the variability due to

manufacture, materials and temperature may not be accounted fully by testing a few
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representative samples. These factors greatly limit the pexfm@rand scope of the LUT
based approaches for the MTPA operation.

In [52]i [54], search algorithms are employed to adjusting the current vector so that the
MTPA condition is met for a given load torque. These techniques do not require prior
knowledge on motor parameters but have relatively poor dynamic perforji2@hcieie
to slow converging rate of the search algorithms. Theckeggorithms basd control
schemes also exhildaw torque control accuracy as well as large torque ripple under the
influence of torque disturbance and current/voltage harmonics.

Recently, novel methods for the MTPA operation by injectingfiighuencycurrent
signal into the motor haveeen proposed. They are based on the principle of the
extremum seeking control (ES{80]. Because of the injected higiequency current
signal, the resultant torquerains a variable component. By utilizing the fact that at a
MTPA point the variation in torque caused by the variation in the current angle is zero,
the MTPA point can be detected and tracked. Since it is less convenient to measure the
torque and its vaation, in[79] signal was injected into the reference flux ampktaehd
torque variation was estimated from the reference flux amplitude and measured current.
In [55]1 [57] variation in speed was utilized instead of torque variation. The convergence
properties as well as stability of this method were analyz¢88jh Unfortunately, the
performance of this method was limited by the hardware such as the resolution of
position/speed sensf@9]. The high frequency current injected into the motor drive for
the MTPA tracking also gives rise to speed ripple that deteriorates control performance
and incurs additional power losses in the drive systerfb9hvariation in mechanical
power was utilized instead of torque variation. However, this method requires a careful
selection of the frequency and amplitude of the injected signal according to motor speed
to avoid esonant problems. Because the input power calculation was based on terminal
voltage and current, the signal processing may be affected by harmonics in terminal
voltage and current. Similar to other signal injection based control schemes, the injected
signd also results in additional power losses. Moreover, the extremum seeking based
control schemes are only effective in constant torque region. In field weakening region,
due to voltage saturation, the MTPA points cannot be reached. Consequently, the
variation in torque caused by the variation in tuerent angle will not equalero when
the voltage is constrained to its maximum value and the extremum seeking based control

schemes will no longer be effective.
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To operate IPMSM drives at high speed, field kezang control is needed. The
nonlinear and uncertain machine parameters of IPMSMs pose similar challenges to
effective field weakening control. In order to achieve good performance in field
weakening region, extensive studies have been carried out goladnPMSM drives.

The early researches [i84]i [86] were focused on the IPMSM torque capability in field
weakeningoperation Model based field weakening control scherf@$], [42]i [44],
[87]1[90] and Lookup tables (LUTs) based field weakening control schdB@s[91]i

[93] were proposed. The advantage of these control schemes is their fast response.
However, the performance of these control schenwes|IPMSM drives may be
significantly affected by parameter variations and inaccurg@#s In order to address

this problem, sevelparameteindependent control strategies were proposed.

In [95], voltage amplitudegfedback was utilized by a PI controller to genemference
d-axis current in field weakening region. Although this control scheme was not parameter
sensitive, its response was slow. Single current regulator and voltage angle control were
used in[96], [97] to adjust the phase angle of the voltage vector whose amplitude was
limited according to the DC linkoltage. However, this method also suffered from slow
response. Moreovefield weakening control schenfer signal injectionbasedcontol
mentioned above hamt been reported yet.

In this chapter, a novel virtual signal injection control (VSIC) method base on field
orientated control is proposed. In constant torque region, this method is parameter
independent in tracking the MTPpoint as well as robust to current and voltage
harmorcs and machine parameter variations. Moreover, it does not inject any real signal
into the motor, and hence the problems associated witksigrad! injection such as
deterioration in control performance, resonant problems and additional power losses are
avoided.

Further, in field weakening region, a novel field weakening control scheme that
combines virtual signal injection control together with voltage feedback based field
weakening control is proposed. The proposed novel field weakening control salseme
exploits the advantages of model based field weakening control methods so that it not
only has fast response to torque demand but also is parameter independent in searching
the minimal current amplitude points, i.e., the MTPA and voltage constraiasidim
torque per Ampere (VCMTPA) points, in constant torque region and in field weakening

region, respectively.
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2.2 Virtual Signal Injection Based MTPA Control in d-

g Frame

2.2.1Principle of Signal Injection Based MTPA Control

Fig. 2-1 shows the constant torque loci and constant current magnitude locus for
IPMSMs in dqg frame. The MTPA point M is the point at which the constant current
magnitude locus is tangential to a constant torque locus. In other words, M is the
intersection betweae the constant torque locus and the constant current locus with

minimum magnitude of the current vector.
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Fig.2-1. The MTPA point, constant current locus and constant torque locus.

(=)

The relationshifpetween current angkeand electromagnetic torque for a fixed current
vector magnitude is illustrated Fig. 2-2. If a small sinusoidal signa&¥f 6 OE1 o,
is injected into the current andbethe resultant torque will contain variable components
as shown i2-1) derived fromthe Taylérs seri es expansi on:
YT 0i Q¢ o
1Y, pr 1Y (2-1)

"Y _r"‘\___ er by E
Pogyot@eo mmyyote o

As the amplitudeA, of the injected signal is very small, the first order ternhes

dominant component and the influence of other higher order terms, including the-second
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order term, on the torque variation is relatively small.
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Fig. 2-2. The relationship between current angle smmdue of fixed current vector amplitude.
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As shown inFig. 2-2, when the current angle is smaller than the MTPA current angle,
the torque increasesr decreases with increase or decreas¥ in Thus] "Y1 T is
positive, therefore the variation of the dominant first order terf2-t) has the same
phase and frequency as the injected current angle signal. The waveforms of torque and
injected current angle signal are showikrig. 2-3(a).

When the current angle is equal to the MTPA current angle, the derivative of torque
with respect to the current anfléYjT Tis equal to zero. Therefore the torque variation
due to te injected signal is dominated by the secordker term which can be expressed

as:

—n

TT—T—TYaOﬁa el 0 g o (2-2)

As shown in2-2), the seconarder term can be divided into a constant term and a high
frequency term whose frequency is twice of the injected signal frequency.

When the current angle is larger than the MTPA current angle, as it is sh&q in
2-2, the torque decreases or increases with increase or decréaseaind "Yj! |is
negative. Therefore the variation of the dominant-firster term has the same frequency
as the injecté current angle signal but opposite phase as showgir-3(b). These
characteristic features can be employed to design virtual signal injecsed N&IPA

tracking control.

Page B5



Chapter 2Virtual Signal Injection BaseHield Orientated Control

0.32 : :
== Signal injection ()’25-12
= Torque (Nin)
3 01 125.07
(o))
c —~
« S
E f\ A 125.022
s o / s
o S
3 v v t 124,979
[S]
@
£-0.1
124.92
N b
01394.962 19.9715 19.981 19.990524'87
Time (s)
(a)
0.32 : :
== Signal injection ()”25-12
= Torque (Nin)
3 01 125.07
(o))
c
& §
= \ /\/‘\25.02v
= 0 [}
] >
o \ g
E \/ N *24.978
[S]
@
£-0.1
124.92
N b
01?@4.962 19.9715 19.981 19.990524'87
Time (s)
(b)

Fig. 2-3. The waveform of injected signal and torque fluctuation.

2.2.2Virtual Signal Injection

2.2.2.1Method toObtain Torque Variation Information

In the steady stagehe mechanicapower can be expresses in (2-3), and the
relationship between torque and power can be expressed(2-4) if the iron loss is
neglecedin the total input power

- o o 0

YQ
0 c 0 YQQ v YQTQ c L YQ TQ Q (23
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T Y c n no 0 QQ (2-9)

To assess the validity of neglecting irlmssin (2-3), extensive simulations with a
representative iron loss model[#8], [99] were performed. By way of exampleg. 2-4
shows torque variations with current angle with and without iron loss being considered
when the current magnitude is kept constant. It is evident that the influence of iron loss

on MTPA points is, indeed, negligible in the constant torque rg@jn

44.22

W MTPA point ignoring iron loss
44.215 @® MTPA point considering iron loss

44.27%

IS
B
(8]
o
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44.195
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4 \
44.1 / .
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Current angle (}

Fig. 2-4. The influence of iron loss on MTPA point at speed of 1000 r/min.

As described previously, if a small sinusoidal sighalis injected into the stator
current angle, according {@-6) and(1-7), the corresponding-@énd gaxis currents with
high frequency component can be expressé@-6) and(2-7), respectively.

i 0i Q&o (2-5)
QO Qs wf (2-6)
N OhEN  wf (2-7)

Combining(2-3) and(2-4) yields:
0 . g L YQ v YQ
I Y — —
1 S 1 Q

00 (2-8)

It is worth noting that althoughb YQZX and 0 YQj] Q in (2-8) vary
with operating conditions, they can be considered as constants over the vepesbdr
of the injected signatpf. Similarly,y, andfy 0 0 in(2-4) can be also considered

as constants over the very short period of the injected signal despite of their changes with
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respect to dand g axis currents and temperatugnce the torque is contributed by the
alignment torque component, ‘Q, and the rleictance torque component due to the
difference in the dand gaxis inductances0 0 , the relationship between torque

and d and gaxis currents can be approximated by a polynomial in the foii@+ @t

YO G3QQ (2-9)
According to(2-8) and(2-9), assume
o L2 (2-10)
ni
&) b YO (2-11)
nl Q
Substituting(2-6), (2-7), (2-10) and(2-11) into (2-9):
g L YQ v YQ
e 00 (2-12)

¢ Q

It should be noticed that th{2-10), (2-11) are approximations, the error analysis of the
virtual signal injection will be detailed in Appendix C

Equation(2-12) represents the sum of the torque variation@ih) due to¥f and can
be obtainedrom measured -@xis current motor speed, and-dand gaxis command
voltagesas well aghe d- and gaxis current withhigh frequencycomponengiven by
(2-6) and(2-7). This implies that it is not necessary to inject real signals into the motor
current in order to extract the high frequency compooéthe torque variationin other
word, the proposed virtual signal injection method replaceg theand 0 0 1in
(2-4) with 0 YQX and U YQj] Q . In this way the difficulties in
obtaining accurate PM flux linkage andahd gaxis inductances can be avoided.

The proposed technique is thfare called virtual signal injectioMoreover, as the
resistancer in (2-12) has very little influence on tracking the MTPA pojh00], it can
be assumeds its nominal value or even be neglectacessence, the above derivation
shows that torque variation withangle can be obtained through signal processing rather

than real signahjection
2.2.2.2Signal Processing for ExtractionfofY]T T

Accor di ngs tsoerTiaeysl oaxbpansi drlcahebkeekkxphasdedi
wi (2413).
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Fig. 2-5. Schematic of signal processing block to exfra¥iT f.

Since (2-12) and (2-13) are equivalent;Y can be obtained from the dnd gaxis
reference voliges, U b , the measured spegd, , and the measured dnd gaxis
currents, "QHQ together with the virtually injected signal&fiQ , according tq2-12).

As shown inFig. 2-5, if “Y obtained fron(2-12) is processed first by a baipass filter
whose centreréquency is equal to the frequency of the virtually injected signalthe
output of the bangass filter will be proportional to the first order term(2a13). The

output of the bangbass filter is further multiplied by Q¢ 0 ; the result can be

expresseads:
YL . Y P . v
UWOI Q¢ o U—Tozwsn weEG O
v (2-14)
P, Y TY, .
—00— —VLOWEE O

whereu is the gain of the barpass filter at . The right hand side ¢2-14) will be
filtered by a ' order lowpass filter whose cuiff frequency is below the virtually
injected signal frequendy . The output of the lowpass filterin Fig. 2-5 will be
proportional td "VYjT T.

In this way, the information &f"YjT T can be extractedt follows that if the current

angle is equal to the MTPA current angle, the output of theplass filter is essentially
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equal to zero. This condition will be used by an integrator to generateatkie durrent

referencdor maintaining the MTPA operatio

2.2.3Implementation of Virtual Signal Injection

Fig. 2-6 shows the schematic of tHEMSM drive control system employinghe
proposed virtual signal iagtion methodand Fig. 2-7 showsthe details of thevirtual

signal injection and signal processing blocks.

Va
Vg
L 2 v |
Virtual Signal la Vg 3
Injection Block PI ’6,‘\" - T t(c)l = svPwM
g v
T11 lq i | currten; 13 b [ Inverter
- command +—4 contro i,
e calculator ' Iﬂecoupling ab e : H
g 1 to b’ 7 ‘,’
l_ L dq [« IPMSM | -
q . -
mm

Fig. 2-6. IPMSM drive control system with virtual sigriajection method.

it l‘
Egs. (2-6),(2-7}m Eq. (2-12) J
; iq

= Asin(wpt)

The measured-dand gaxis currents are conditioned by a low ppass filter to
eliminate noise due to PWM switching. The filtered curreftand™Q, are transformed
into the polarcoordinate system to obtain the ampliti@eand angleb . The high
frequency virtual signal, i.ew! 0i Q¢ 0, is injected into the estimated current
anglg mathematically and the high frequencyahd gaxis current perturbation¥)
andQ, are obtained fronf2-6) and(2-7). The amplitude ofo{ is adjusted by the gaily
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as shown irFig. 2-7. The resultant torque variation is calculated ugi@?2) with the
filtered d and gaxis currents, the virtually injected perturbation currefsandQ, the
measured motor speed and th@wld gaxis command voltages.

Both the speed anditages are lowpass filtered to attenuate undesirable noise. The
torque perturbation is subsequently fed into the signal processing block shengr2id
and, as described in sectiéh2.2.2 the output of the signal processing block is
proportional td "YjT 1. This signal is fed into thexiegrator inFig. 2-7 and its output is
used to adjust the-axis current referenc®in such a way that"Yj! { becomes zero,
i.e., reaching ta MPTA operation.

Any other controller, such as a PI controller, capable of zero control error in steady
state, may also be usedHigy. 2-7 to track the eaxis currenteference for the MTPA
control andwith a PI controllerthe dynamic responsef the virtual signal injection
control schemenay be increased.

The gaxis current eommand Q, is calculated from the-elxis current command and

the torque commandy , by the following equation:

. Y
2 0, N N (2-15)
=N 0 0 Q
G
In (2-15), the motor parameteis, 0 ,  can be assumed as their nominal values or

obtained from pralefined lookuptables. As it is shown i{2-12), the torque variation
information is obtained independently from motor parameters. Therefore,ifetren
motor parameters are chosen inaccurately, the virtual signal injection methodlcan sti
obtain the! "Yj! T information accurately and track the MTPA point accurately.
Inaccurate motor parameters use@ii5) may cause torque errdoyt this error will be
eliminated by a speed feedback control loop. If the drive only requires torgtrelco
such as for EV tractiopre-defined parameter loeltp tables obtained from finite element
(FE) analysis are often sufficient for good dynanaiqjtie response as accurate torque
control is not necessary.

As it is shown inFig. 2-7, the measured-dand gaxis currents and-dand gaxis
command voltages as well as measured speed are processed by-plasddilters to
eliminate the influence of their harmonics. If the frequency of injected signal is
sufficiently high, the lowpass ilter with a corner frequency 3~4 times lower can

effectively eliminate all harmonics whose frequencies are close to the injected signal.
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Consequently, the proposed VSIC scheme is very robust to voltage and current harmonics,
and other electric noise. Tlmtegral regulator adjusts theais current command until
the output of signal processing block is zero, i.e. the MTPA point.

It should be noted that, as the speed approaches (22t@) should not become
undetermined in a noideee environment sincé is derived from(2-8) which are
independat of the speed. Significant deviations may occur due to noise at very low
speeds. Therefore, the currents, speed and command voltag2<sl2n should be
conditioned by lowpass filters to minimize the effect of noise. In order to avoid being
divided by zero, the speed should be set to a small value when the measured speed is
below a minimum threshold.

The robustness of the proposed VSIC @t Ispeeds which is further studiday

simulation and experiments will be discussedention2.2.4andsection2.2.5

2.2.4Simulation Results

Table2-1
IPMSM parameters
Number of polepairs 3
Phase resistance 51. 2 mq
Continuous/Maximum currerfPeak values) 58.5/118A
Peak power below base speed 10 kW
DC link voltage 120V
Basémaximum speed 1350/4500 r/min
Continuous/peak torque 35.5/ 70 NAmM
Peak power at maximum speed 7 kW

The virtual signal injection control scheme has been extensively simulated against a
prototype IPMSM drive systelid3]. The motor specification is given rable2-1 and
the FE predicted variations of and gaxis inductances and permanent magnet flux
linkage with d and gaxis currents are shownhig. 1-8. The simulations were performed
based on this machine model witbnlinear machine parameters.
In order to study the influence of stator resistance on the virtual signal injection based
MTPA tracking performance, simulations with the measured resistance of the motor
phase winding at room temperature of\2Gand simulations which ignore the resistanc
in (2-12) were performedFig. 2-8 shows the simulation results of torque command
variations from 10 NAm to 45 NAmM in steps of

stator resistance i{2-12) was considered or ignored.
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The circles represent the actual MTPA points of different operation conditions. The
triangles represent the simulation results obtained from the virtuall singection control
with the accurate resistance valug2rl2) while the squares represent the results when
the effect of the winding resistance (@12) is ignored in the virtual signal injection
control. The Bnulation results show that the virtual signal injection method can track the

MTPA points accurately and the influence of resistance on tracking MTPA points is
negligible.

20 O MTPA point
A vsic considering resistance
@ VSIC ignoring resistance
60 ——Constant current amplitude lodus
’g 50
g o
() 40// A \\
> e %
g 7 DU V-
5 — —
30 — S—
S P
20 e A
R
10 ey
-60 -50 -40 -30 -20 -10 0

d axis current (A)
Fig. 2-8. The MTPA points andirtual signal injection MTPA tracking simulation result.
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Fig. 2-9. d-axis current tracking response to step change in torque at speed of 1 r/min.

Simulations have also been performed at low spde&ds2-9 showsthe simulation
results ofthe torque and-dxis current responseshena step change in torque frath
NAm2QNA m i s atahp gpeed ef d r/min. The dashed lin€im 2-9 is the ideal
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MTPAdaxi s current for 20 RyAM, althoughtheespeedss it
equal to 1 r/min, the proposed VSIC can still track the MPTA point accurately.

2.2.5Experimental Results

IPMSM Torque transducer ‘

E‘;gj‘Dynamgﬁeter

4]

(b)
Fig. 2-10. Experimental testig. (a): IPMSM, torque transducer, dynamometer. (b): controller &
inverter.

In order to verify the proposed virtual signal injection method, arigsts shown in
Fig. 2-10 has been set up. The 10 kW IPMSM is designed for traction applications for a
wide constant power operation. The motor is controlled in torque control mode and loaded
by the dynamometer in sp& control mode. The inductance and PM flux linkage
parameters as shown kig. 1-8 of the machine are highly nonlinear and its torque and
speed rating are provided ifable2-1. The motor torque is measured by a high precision
torque transducer he input and output powers of the drive were measwyetbkogawa
WT3000 power analyser with high bandwidth, high precision voltage and current

transducersAll the experiments in this thesis are based on this teahdgnotor
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Because the signal is injected virtually, thaximum frequency of thmjected signal
is only limited by the sample rate of the controllier.this experiment, the controller
sampling rate is 8 kHz and the frequency of injected signal is set to 1 ki, §samples
of the injected sinusoidal signal’Q& o shown inFig. 2-7 are required over one signal
period. The waveform represented by the 8 discrete samples contains the fundamental
component of the injected sigrahd higher frequency harmonics due to discretisation.
These higher frequency harmonarsdother undesirable harmonics, ete highorder
terms in(2-1), will be eliminated by the banglass filter shown irfrig. 2-7. Therefore,
they will not affect the MTPA tracking performance.

In the experimentsa 4" order bandass filter with ebandvidth of 1 Hz at thecentre
frequency of the virtually injected signal is utilized to process the torque $mgRaj.

2-5. The above settings apply to all the subsequent test as well.

2.2.5.1MTPA Points Tracking Test

@ MTPA point
WV VSIC result
= Test point
——Constant current amplitude lodus

~
o

(o2}
(@)

\
.
|
J

|
1
f

——
30 R
.
20 P
oG
10 S Cam
-60 50 -40 -30 -20 -10 0

d-axis current (A)

Fig.2-11. The exact MTPA points andrtual signal injection MTPA tracking experimental resu
at speed of 400 r/min.

The first set of tests was performed wi
45 NAm in steps of 5 NAmMm at the spedd of
the proposed virtual signal injection method at the different torque commands are
represented by triangles #g. 2-11. For a given torque command, tests were also
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performed by varying the current vector angle while its magnitude was kept constant. The

results are shown in the curve marked by the squares. The exact MTPA points can be

obtained using curvétting of the castant current amplitude locus, denoted by curves in

Fig. 2-11, for the different torque commands. These exact MTPA points are denoted by

the circles.

The testresults shown iffrig. 2-11 demonstrate that the proposed virtual signal injection

method can track the MTPA points accurately. The comparison between the resultant

torque of the proposed virtual signal injection coldrad the torque of the actual MTPA

pointsis shown inTable 2-2.

Table2-2
Comparison between the resultant torque of VSIC and the torque of MTPA points at speed
r/min
Torque Current Torque Torque
reference amplitude generated by VSIC MTPA torque error
10NAm 1726A 9.88NAm 9.90NA m 0.20%
1I5NAm 2566 A 1483N A m 1486N A m 0.20%
20NAm 34.0A 1973NA m 1976 N A m 0.15%
25N A m 4229A 2456N A m 2460N A m 0.16%
30N @ m 50.% A 2942N é m 2944N @ m 0.07%
35NAm 58.86 A 3421INAm 3422NAm 0.03%
40NAm 67.5A 3894NAmM 38.94N A m 0.00%
45N Am 75.4 A 4367N A m 4367N A m 0.00%
70 @) MTLPA pointl
WV VSIC result
= Test point
60 —— Constant current amplitude logus
=50
§
P Al——
= I e
S e,
F 30 I SR
W
20 = AN
oG
10 o R
-60 -50 -40 -30 -20 -10 0

d-axis current (A)

Fig.2-12. The exact MTPA points and virtual signal injectMdit PA tracking experimental result

at speed of 1000 r/min.

The motor drive was also tested at 1000 r/min with torque command variations from

10

NAmM

to 45

NAmM

i n

steps

of

5 NAmM. The
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virtual signal injection control and the torque at the experimentally measured MTPA
pointsis shown inFig. 2-12 andTable2-3.
The error between the resultant torque of the proposed virtual signal injection method

and the torque of actual MTPA points is less thadQ.

Table2-3
Comparison between the resultant torque of VSIC and the torque of MTPA points at speed of 1000
r/min

relj—eor(ra?\%z Current amplitude genera-[géqtl:;vs} MTPA torque Torqueerror
10N A m 17.6A 9.83NAm 9.84NA m 0.10%
15N A m 256 A 1475N A m 1478N A m 0.20%
20N A m 34.2 A 1963N A m 1966N A m 0.15%
25NAm 42.0DA 2445N A m 2448NAm 0.12%
30NAm 50.57 A 2926 NAT 2928N A m 0.07%
35NAm 58.86 A 3403 NAT 3404N A m 0.03%
40NAm 67.12A 3874N A m 3874NAm 0.00%
45N A m 75.0 A 4341NAm 4341NAm 0.00%

The waveforms of threphase voltages applied to the motor and the phase currents at
45 NAmM, 400 r/ min a fg. 2-13@)@raFig: 2/18(), nespactively. s h o w

U1 L -a0.00 Y : : : : Ut =20, 00 U
1 150.0 F T T=0.0 A1

L S PP pPre T e 12800 A T T [ERTT T T

13 ©-150,0 A : : : : 3 -s0.0A :

1 D -1sa0 A : : : : et D -1S0.0 A : : : :
(R : L0 it 5y : 50000 .00 : : Dt 33 : 50,0000

@) (b)
Fig. 2-13. Measured results of proposed VSIC method for IPMSM control under MTPA opere
(a): Voltage and current waveform&at0 0 r / mi n speed and 45 NAmMm
waveform at 1000 r/min speed and

2.2.5.2Performance of Virtual Signal Injection Control during Payload Torque Change

Fig. 2-14 shows experimental result of the MTPA tracking performance vihen
reference torque is varied fro®NAm t oi ® NWAenps of 5 NAmM at
r/min and the proposed VSIC methodeps adjusting the- dixis current to trackhe
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MTPA points during the process.
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d-axis current (A
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Fig. 2-14. Experimental result of MTPA tracking performance during torque changing.

Fig. 2-15 shows the €hxis current responses and the estimated torque based on the

measured digxis currents and machine parameters usézt %) whena step change in

referencaorque fromdON A m45t oN A m
line inFig. 2-15is the theoretical MTPA@ X i S

current

of

45

i & theaspeed of 160D r/min. The dashed

NAm at

It can be seen that the torque responded quickly wihdedaxis current tracks the

MTPA point gradually The experiment results Fig. 2-14 andFig. 2-15 also illustrate

the robustness of the proposed control scheme to tdisuuebances.
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Fig. 2-15. Experimental result of torque step response at speed of 1000 r/min.
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responds fast and the small erretvieen the reference and measurement may be caused
by the combined effect of the friction torque which is not accounted in the reference

torque iron loss,and the errors of machine parameter@ii5).

) ——Estimated torque (&) |
Measured torque (@h)

o e Torque reference (@h)

_ 48

B’ 46

=]

=3

IE 44
42

torque, r ¢
r/ min

Fig. 2-17 compares the theoretical MTPA current angle and VSIC current angle
tracking responsehena step change in torque frdON A m45tNoAAm i s atahep | i e
speed of 1000 r/min.

Due to the inaase in the-@xis current in response to the step increase in torque, the
current angle initially decreases. However, the VSIC adjusts the current angle until it

reaches the MTPA angle of the new operation condition. It is evident that the proposed
VSIC can track the MTPA current angle accurately.

13 VSIC result
=« MTPA current anglg
128
TC;, I- ----- i e | i . s, i o
< 124 ]
IS ]
o
g
jun
O
12
118
11
0 5 10 15 20 25 30 35
Time (s)

Fig. 2-17. Theoretical MTPA current angle and VSIC tracking current angle in response to a
load torque change.
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Fig. 2-18 shows the motor current amplitude and estimated torque responses to the step
change in torque. As can be seen, the current amplitude is larger initially and decreases

gradually util it reaches the minimal value of the MTPA operation.

74 T r" T T 85
——Torque (ND)
~ motor current amplitude (4
67 80<
3
i =
& 60 | il TG 758
N—r fﬁ
[J] ' E‘
= } o
S 53 W 703
) 5
46 memwwwmwmwmwwmmwwwm 65 =
39 60

0 5 10 15 20 25 30 35
Time (s)

Fig. 2-18. Measured current amplitude and torque responses to a step load torque chang

2.2.5.3Performanceof Virtual Signal Injection Control at Low Speeds

37 T T "[ T 5
== Torque (ND)
——d-axis current (A)
== MTPA d-axis curren
27| 0
<
g £
o 17 -5 3
s :
2
b, :
)
7 '\,\ -10
[ ——— % — ‘M\JMM’W RO
““wq\w“‘w
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Fig. 2-19. Experimental result of torque step response at speed of 15 r/min.

Fig. 2-19 shows the measured torque andxis current responses when a step change
in torque from 15 NAmMm to 20 NAmMm is applied at
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Fig.2-19is the theoretical MTPAd x i s current of 20 NHgm at
2-19that the proposed VSIC can still track the MPTA point accurately at low speeds.
Significant speed fluctuation was observed in the dynamometer when operating at
speeds below 15 r/min. It was not, therefore, possible to perform evques at lower
speeds. In practice, poalculated lookup tables for d and gaxis current references

obtained from FEanalysis may be used when spéeebelow a pralefined threshold.

2.3Virtual Signal Injection Aided Field Weakening

Control

As discussedn section2.2, the proposed virtual signal injection conthals several
advantages over the current statghe-art approaches to control permanent magnet
synchronous motors for maximum torque per ampere (MTPA) operations, such as high
accuracy, parameter independenadbushessto electromotive force (emf) and tooth
ripple harmonics, and no additional iron and copper loss due to redligsigation, etc.

However, the VSIC is not effective under voltage saturation. In order to expand the
speed operating region, an additional control scheme for field weakening operation will
be proposed below.

2.3.1 Operational Characteristic of Field Weakenirg Control

Fig. 2-20 shows thevariations of torque and voltage amplitude witkyds current for
a given current amplitudéO, when the required oltage for the MTPA operation is
greater than the voltage limit.

The voltage amplitude and voltage errofFig. 2-20 are defined ir(2-16) and(2-17),
respectively.If the daxis current magnitude decreases towards the MTPA point, the
torque and)® will increase. Therefore, the voltage constrained MTPA point, VCMTPA,
is the point at which the volge amplitude is equal to the voltage limit, and this condition

is independent of iron loss
o 0’ 0 (2-16)
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0 0 VR (2-17)

Because of the voltage limit, the motor cannot reach the MTPA point shokig.in
2-20. It is evident fromFig. 2-20 that at the VCMTPA point, the partial derivative of
torque with respect to the current angle is smaller than zero,ti.ejt f 1 This
implies that the output of the lepass fiter in Fig. 2-5 will tend to adjust the -@xis
current toward the MTPA point untilT “YjT T 1. This may cause the voltage
amplitudeto gobeyond he maximum voltage and consequently the current regulators
saturate. Therefore, if the voltage amplitude reaches or exceeds the voltage limit, the
virtual signal injection control should be suspended. Effective field weakening control

may therefore be reéakd by conditioning the VISC with the voltage erro(arl7).

60 w . : . . : ,
ST/08>0 |—Conslanl current amplitude Iocus‘
sol O -0T/op<0
g .
; MTPA point
Z 40t P
0 e — e — — ———
§‘ | VCMTPA point Maximum torque
S 301 1
|
20f |
140—F—— —
I == Voltage amplitude
120¢ I 1
Z 100, |
Y | _ o
= L Verror = Vmax — Va
s 80
e S /S ——
60 Voltage limit
40

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

d-axis current (A)
Fig. 2-20. Variations of torque and voltagenplitude with daxis current for given current
amplitude.

2.3.2Virtual Signal Injection Aided Field Weakening Control

and Its Implementation

As discussed in sectidh3.], since the MTPA operating condition is only valid when
the drive voltage is below the voltage limit, the virtual signal injection control is only

effective in constant torque region.
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To expand the drive operation into fieldeakening region, an additiahvoltage
feedback loop is incorporated into the virtual signal injection based control. This control
scheme is named as virtual signal injection aided field weakening control (VSIAFWC).
Moreover, the proposed virtual signaljaction aided field weakening control also
incorporates conventional model based MTPA and field weakening control scheme for
fast response.

Fig. 2-21 shows the schematic of the virtual signal injection aided field weakening
control for IPMSM drives. It consts of three parts in addition tbe classic €y axis
current control loop with decoupling compensation. PartFig. 2-21is a modelbased
referencead-axis current generator. It provides a nomnedérencal-axis current’Q
with fast responséQ can beobtaned from lookup tables or calculatefdlom (1-6)
and(1-10) or (1-14) with the nominal PM flux linkage, and énd gaxis inductances.
Under the assistance ® , the MTPA points can be tracked quickly and accurately
through virtual signal injection.

PartIl: VSIC & voltage feed-back |
d-axis current controller | e
I

I
I
I
I If Verror <0 ; : Model based d-axis PartI: |
Aigl — famai
| LPFO] output=vzyror 1 Integrator dlrafr H :dmam reference current Moéie‘ based |
| else e | generator d-axis current :
l output=LPFO ] controller |
I Verrorl vy | o«
* )

I ‘ Verror = Vmax — Va PI = i — SVPWM
L === > current Vg to

Y —> 4 —> Inverter

ig o control Cfg abc ;

q ™ a
i3 command Decoupling |*% -
¢ calculator g \— ; to b,
o _ | [ —T
LPFO « —3T,/dp (2-15) T d.q [, IPMSM
rn-—— "= - — — — — 1 |~ — — _(ﬁe ____________ 1
|| PartIlIl: Virtual signal = . |
| injection block Low-pass | Yd |
| filter 1 e o |
Lo li.i ig "4 J la

: 2 talq Low-pass :
| R filter 2 |
| Ia'tg 'id I
[ Ap = Asin(wpt) |
l sin(wpt) :

Fig. 2-21. The diagram of virtual signal injection aided field weakening control.

However, due to parameter inaccuraciesyéfierenced-axis current generated in Part
I may notbeequal to the optimakferenceal-axis current for MTPA or VCMTPA control.

In order to compensate for the error@f , the virtual signal injection control
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combined with the voltage feedbackaris current controller is introduced in PHrof
Fig. 2-21. The output of Parl, denoted as'Q, is utilized to compensathe error of
Q

The LPFO signal input to Parll is generated from the virtual signal injection block,
shown in Partll, as described in sectich2.2.2 and itis proportional to T "YjT | .
Whether this signal will be fed to the integrator in Part Il will depend on the voltage error
0 defined in(2-17). Thereforethe proposed field weakening control scheme uses
0 to identify the onset of the voltage saturation (or the need for field weakening).

The operations against the voltage error are described as follows.

2.3.2.1If v LS

Under this condition, the amplitude of treferencevoltage is greater than the voltage
limit, which implies that theeferenced-axis current generated by the virtual signal
injection control in Part Il will cause voltage saturation in the current cbloips and,
hence, insufficient voltage for field weakening controlv will be fed into the
integrator in Partl and theLPFO signal (the output of Pahi) will be suspended. The
negativey will cause the integral regulator output, denoted'By to increase in the
negative direction, and as a result, thaxié reference currerif), moves toward the
VCMTPA point as shown iffig. 2-20. Thus,Y'Qwill compensate for insufficient-exis
current to prevent the current regulators from saturation by decreasimdil it equals

0

2.3.2.2If v LIS

Under this condition, the integrator input in Pléuis the LPFO signal from the output
of Partlll which is proportional to T "YjT f . As shown inFig. 2-20, if the voltage
amplitude0® is lower tharh , the motor operates on the left side of the VCMTPA
point. YQwill be adjusted such thiite daxis current tends toward the MTPA piimtil
TY)T 1 TIorv T, i.e., when either the MTPA or VCMTPA point is reached
It follows that theY"Q can be utilized to ensure efficient operation of IPMSM drives in
the field weakening regions. In conventional feedback based fiedtkemeng control
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without the VSIC, ifSQ  sis larger than the-dxis current amplitude of the VCMTPA
point due to inaccurate parameters, the voltage feedback loop is no longer in action and
hence the VCMTPA control ithe field weakening region mawpt be achievable.

However, as described above, the MTPA control in constant torque region and
VCMTPA control in field weakening region can always be guaranteed by the proposed
virtual signal injection aided field weakening control scheme.

2.3.2.3Reference-axis Current Generation

Thereferenceag-axis currentQin Fig. 2-21is also calculated frorf2-15). The machine
parameterd) ,0 , , can be obtaied frompre-defined lookuptables or their nominal
values.

Since"Y in (2-12) and thevoltage error are independeaitthe motor parameters, even
if the motor parameters if2-15) are inaccurate, the proposed method can still extract

T7YjT fando information, which are used in the manner described previously to
track the MTPA point or VCMTPA point of the actual torque accurately.

However, the inaccate motor parameters (8-15) may cause torque error. For speed
control mode, the error is compensated by the speedWiole in EV traction the loop
is closed by the vehicle driver. It is worth noting that due to inaccurate parameters, the g
axis reference current calculated fr@@ql5) may result in the actual torque being greater
or less than the reference torque. When the reference torque reaches the predefined limit,
the inaccurate referenceagis current implies that the actual motor torque may be greater

or less tlan the maximum torque limit.

2.3.3Simulation Results

Simulations of the virtual signal injection aided field weakenirantiol were
performed based on theototype IPMSM drive system. The motor model used in the

drive system simulation is describedsiection2.2.4
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2.3.3.1Relationshippetweer.PFO Signal andReferencéd/oltage Amplitude

The relationship between the virtual signal processing block output, i.d.Pt@
signal inFig. 2-21, and the reference voltage amplitude was stuljesimulations when
speed gradually increases. Simulation was first perfonviexh the motor is controlled
by the virtual signal injection control illustrated kig. 2-6 without the proposeéield
weakening control schemeh@ resultanteferencevoltage amplitude andPFO signal
are shown irfFig. 2-22. As canbe seen, when t < 16.2 s, tleéerencevoltage amplitude
is below the voltage limit and tHePFO signalis zero, implying the MTPA is realized.
However, whent > 16.2 s, the motoerstering field weakening region, and tieéerence
voltage amplitude will reach the voltage limit.

Dueto T"YjTT  m(shown inFig. 2-20), theLPFO signal will keep driving thed
axis current toward the MTPA point Fig. 2-20, resulting in a deeper saturation of the
current controllersthis will further increase theeferencevoltage amplitude. Sincey
used in the virtual signal injection is obtained with the reference voltageRE@signal
increases significantiywhen the voltage saturation in the current controllers scesris
observed irFig. 2-22. Therefore, in the field weakening region, the virtual signal injection

should be suspended.

75 r : r Ty 20
- \/0ltage amplitude (V|

LPFO signal =
1158
70 %
2 1105,
S £
; / :
] / 15 8
£ 65 o
o YUY —
> // 8
2
/ Pe

6(14 145 15 155 16 165 17 175 185
Time (s)

Fig. 2-22. Thereferencevoltage amplitude andPFO signal without field weakening control (fror
constant tague region to field weakening region)
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Simulation was repeated when the mowas controlled by the proposed field
weakening control scheme and the results are showigi2-23. If the motor enters the
field weakening region, thePFO signal will be suspended and calculated by
(2-17) is used to operate the motor at the VCMTPA point by increasingabesdurrent
amplitude, and consequently the voltage reference amplitude will be kept to the voltage
limit as it is shown irFig. 2-23.
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LPFO signal
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Fig. 2-23. Thereferencevoltage amplitude andPFO signal with proposed field weakening contr
(from constant torque region to field weakening region)

Due to the increase in theadis current amplitude, the operating point showRim
2-20will move to the left side of the MTPA point showiy. 2-20where T "YjT T T
Hence, virtual signal jection will tend to increase (decrease in magnitude) thrisl
current toward the MTPA point irig. 2-20. This implies, as evident Fig. 2-22 andFig.

2-23, that in the field weakening region the output of virtual signal iigedblock, i.e.,
theLPFO signal, is always larger than zero regardigisshether the current controllers
are saturated or not. Therefore, the virtual signal injeeintion will always tend to move
the operating point to the right. It follows that untie combined actions of and
LFPO, the operation points of the machine will always be kept at the VCMTPA point
where 0 .

Fig. 2-24shows the variations of the reference voltage and virtual signal injection block
output when the drive initially operates in the field weakening region while the speed is

reduced gradually. When the speed decreases, the operating point moves to dimel right
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TYiT 1 as well as the.PFO signal decreasé/NVhen the motor enters the constant
torque region from field weakening region, teérencersoltage amplitude will be below
the voltage limit and the virtual signal injection control will be activateddjust the d
axis current toward the MTPA point. When the motor reaches the MTPA point, the output
of VSIC will be zero as it is shown Fig. 2-24.
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Fig. 2-24. Thereferencevoltage amplitude andPFO signal output with proposed field weakenin
control (from field weakening region to constant torque region).
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Signal processing block output
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2.3.3.2VCMTPA Point Tracking

Fig. 2-25 shows the simulation result of the proposed field weakening control of the
| PMSM drive when it was operated at 3000 r / mi
region. The ideal-@xis current fothe VCMTPA operation wa$6 A. As it is shown in
Fig. 2-25, the value ofQ obtained fom Fig. 2-21 was initially equal ta56 A which
was larger than the ideal value due to inaccurate machine parameters. The reference d
axis current;Q), generated by the proposed field weakening obrsitheme gradually
converged to the VCMTPA operation under the proposed control.

To illustrate another possible condition in which the magnitud®of may be
greater than that of the ideakais current, the nominal parameters of the machine were
varied at t = 20 s such th& became-76 A. Again, the ehxis current reference
tracked the ideal value and the difference was compensated Ipyaibesed control
automatically.
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It should be noticed that the iron loss causes the MTPA point tracked by the VSIC to
deviate slightly from the maximum efficiency operating point. However the deviation is
negligible for most IPMSMs due to the fact thathe constant torque region wheresp
is low, the loss is dominatdxy the copper loss.

In the field weakening region when the iron loss is more significant, the VCMTPA is
usually uniquely determined by the payload torque and voltage limit, as shdvig in

2-20, and hence independent of the iron loss.
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Fig. 2-25. d-axis current responses of propo$ietd weakening control.

2.3.3.3Fast Transition from Constant Torque Region to Field Weakening Region
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Fig. 2-26. Fast transition of the motor operation from constant torque region to field weaker
regionthrough a 500 r/min speed step.
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Fig. 2-26 shows the simulated torque response to a step change of 500 r/min in speed
when the drive operating condition changed from the constant torque region to the field
weakening region.

It can beseen that the proposed control exhibits stable and fast transition from the
constant torque region to the field weakening region in response to the step change in
speed. Howevem realapplications, electric vehicle traction in particular, g steange
in speed cannaiccur due to drive system inertia or large mass. Therefore, conditions

which are worse than that illustratedrig. 2-26 will not occur practically.

2.3.3.4Peak Torque for Full Speed Range Operation

To verify the performance of the proposed control scheme in full speed range at peak
torque, simulations were performed employing a high fidelity-lmear IPMSM
machine model which represettke real electromagnetic behaviours of IPMSMs. The
high fidelity model is flux linkagébased and captures all nimear effects and high order
space harmonics as describedliB]. The machine specifications are listedable2-1.

The motor was controlled in torque control mode when the speed is increased from 0
r/min to the maximum speed, i.e., 4500 r/min, withirs15

The reference torque was set to the peak torque according to the peak torque profile.
The gaxis reference current was calculated base@db) and the machine parameters
in (2-15) were obtained from the predefined leog tables as functions of dnd g axis
currents. ThéQ in Fig. 2-21 was obtained from a pimefined lookup table with
reference torque and rotor speed as its inputs.

In order to compare performances with the conventional field weakening control
scheme, simulations were performed with the virtual signal injection aided field
weakening control as shown kig. 2-21 and with the conventional field weakening
control when the virtual signal injection Ifg. 2-21 was dsabled, but the-dxis current
for field weakeimg was obtained from the model (the leof table) and adjusted by the
voltage errofeedback loop

Fig. 2-27 shows the resultant reference voltages throughout the speed ramp obtained
from the two control schemes. As can be seen fram2-27, for the field weakening
operation which is assisted by the virtual signal injectioficld weakening regiorthe
resultant reference voltage amplitude is always equal to the maximum voltage amplitude

limit, which indicates the motor is operated atW@&VTPA points.
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However, for the field weakening control which is not assisted by the virtual signal
injection, the resultant reference voltage amplitude is smaller than the maximum voltage
amplitude limit. This is because the absolute value of the refergaxis current in the
conventional field weakening control was larger than the optiraalgicurrent amplitude
in the field weakening operation. Under this condition, the voltage feedback loop of the

conventional scheme is no longer able to keep pleeation at the VCMTPA points.
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Fig. 2-27. Reference voltage amplitude for different speed with and without virtual signal inje
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Fig. 2-28. Referencaorque and ehxis currents.

The resultant gxis currents of the conventional and proposed control schemes are
shown inFig. 2-28. As showrin Fig. 2-28, in the constant torque region, the virtual signal
injection aided control scheme automatically compensates the ei@br of. In the field
weakening region, the amplitude of the resultaakid current generated by the proposed
control scheme is smaller than that of the conventional control scheme. This is due to the
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fact that the error betweén and the optimal @xis current was compensated by the
virtual signal injection and the motor is ¢miled on the VCMTPA points.

It should be noticed that when the motor just enters the field weakening region, at
speed 1400 r/min inFig. 2-28, the daxis current initially increases then decreases. This
is due to the combined effect of the reference torque decrease-aid durrent
amplitude increases as a result ofdfiweakening operation.

Fig. 2-29 shows thereferencetorque and the resultant-axis currents of the
conventional field weakening control and thétual signal injection aided field
weakening control. Again, the error of the converdlamontrol scheme is compensated
by the proposed control scheme.
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Fig. 2-29. Referencdorque and epxiscurrents.
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Fig. 2-30. Peak torque profile and retamt torques against the speed

Page p2



Chapter 2Virtual Signal Injection BaseHield Orientated Control

Fig. 2-30 illustrates the peak torque profile and resultant torques of the two control
schemesSince the IPMSM model utilized simulations considered all ndimear effects
and high order space haonics as described [d3], large ripples in resultant torque can
be observed. This is due to the interaction of largeid current in the field weakening
regionwith the position dependent saliency. The detail for the calufes large torque
ripple is given in13].

Because the virtual signal injection aided field weakening control scheme can always
keep the ebxis current at the optimal value, the resultant torque ripple shokg.i2-30
Is also smaller than that ofaltonventional control scheme.

2.3.4Experimental Results

The proposed field weakening control which incorporttiesvSIC was implemented
in the IPMSM drive, whose specification is givenTiable2-1. The drive was tested on

the test rig shown ifrig. 2-10.
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2.3.4.1VSIC Performance in Constant Torque Region

Tests were first performed in constant torque region to verify the MTPA tracking
performance of the combination of conventibmodel based control scheme and the
virtual signal injection control. The measureehixds current together with estimated
torque based on the measure@uad gaxis currents and the nonlinear machine model in
the form of lookup tables are shown iRig. 2-31(a) in responses to a step change in
torque demand from 40 NAmMm to 45 NAFg at
2-31are the theoretical MTPAd xi s current of 45 NAm at

It can be seen ifig. 2-31(a) that the ehxis current firstly experiences a step change
due t0Q then tracks the MTPA point gradually under assistance of VSIC.

Fig.2-31(b) shows the MTPA point tracking performance of the virtual signal injection

control without the assistance @ . By comparingd-ig. 2-31(a) and (b), it is evident

that the combination of the model based control scheme with the virtual signal injection

control can track the MTPA point quickly.

Fig. 2-32 compares the measured torque agigérencetorque in response to a step
change in theeferenceorque at the same operating conditiofirigf. 2-31. A small error
of ~0.4 NAmM bet we e nreféraneaorqueisalise totheesdmetreasong u e
detailed beforelt should be noted that measured ripple is much less than the estimatio

due to the presence of a low pass filter in the torque measurement.
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Fig. 2-32. The comparison between the measured torques and torque reference.
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The variation of measured drive system efficietiogluding the inverterad IPMSM)
with d-axis current fola given current amplitude (75.5 A) is illustratedHig. 2-33. As

can be seen, the maximwystem efficiency coincides with that tracked by the VSIC.
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S 88
‘c>; 86 ._'_V. @
ks ®
o @
g 84 @
@
82

8—90 -60 -50 -40 -30 -20 -10 0 10
d-axis current (A)
Fig. 2-33. Variation of measured drive system efficiency witaxis current for a given current

amplitude (75.5 A, 1000 r/ min,

2.3.4.2d-axis Current Response to Step Change in Torque Demand in Deep Field
Weakening Region

35 t : : -40
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Fig. 2-34. d-axis current and estimated torque response to step changes in torque demand f
NAm to 2BbabdlAmtand0 NAm at 3000 r

Fig. 2-34 shows the measured-akis current response when the torque demand
increases in step from 20 NAm to 25 NAmM
NAm at 36.5 s a drivSopedaled in deepifieid wedkening régiore The
estimated torque based on the measureahd gaxis currents and nonlinear machine
model is also illustrated iRig. 2-34.
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When the reference torque has a step change
d-axis current exhibits an immediate step change associatedwith. It subsequently
converges to the optimal value under the influerfcé@

To illustrate the torque control accuracy in the field weakening region, the measured
torque is compared iRig. 2-35with thereferenceorque at 3000 r/min when step changes

in reference from 20 NAmMm to 25 NAmMm and back

of ~0. 8 NA mthée samecreasossealetaildd pefore
30 ; ; : T
—— Measured torque (@&h)
===Torque reference (&h)
1
’g‘ 25
©
>
=3 Loamre yRlony
R 20 4 '
3
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Fig. 2-35. Measured torque andferencdorque at 3000 r/min.
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Fig. 2-36. Reference voltage amplitude and estimated torque responses during step change |
demand.

Thereferenceroltage amplitude during the torque reference step is shotig.ig-36
where the dotted line represents the voltage amplitude limit of the inscirokdof the
voltage hexagon. As is evident, the voltage amplitude is essentially kept at the limit during

the torque step changes. The high frequency voltage ripple is caused by spatial harmonics
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[13] and the ovemodulation technique employed to fully utilize thdtage boundary at
the hexagon.

It can also be seen that a fast torque response has been achieved with the proposed
control albeit high frequency estimated torque ripple is clearly visithlis. is due to the
combined effect of PWM switching and the distortion in phase currents as well as the
distortion in the flux linkage.

The current angle variation during torque step is showrgn2-37. The efficiency of
the drive systenBOal r0/.n8i7n8 aan d0R00/N@NGAGM at 2

35 r r r
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Fig. 2-37. The current angle variation duritgrque step.

The waveforms of threphase voltages applied to the motor and the phase currents at

20 NAm, 3000r /Fim2-88. are shown in
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Fig.2-38. Vol t age and current waveform at 3¢C
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2.3.4.3TransitionbetweerConstant Torque Region and Field Weakening Region

To demonstrate seamless transitions between the constant torque and field weakening
regions with the proposed control, 20 NAmM tor
was varied from 1620 r/min to 1453 r/mifg. 2-39 shows the speed variation and the
measured -@xis current response. When the spisaat 1620 r/min, the motor operated
in the field weakening region. sAthe speed decreaséise anplitude of d-axis current
also decreasest the speed bel 1520 r/min, the motor entetfse constant torque region,
and consequ#ly, the daxis current reachets optimal value under the MTPA operation.

A smooth transition from the field weakening region to the constant torque region can be

observed.

165 r r =,
1600 v — Speed (r/min) ||
S — d-axis current (A
_ 155 8T
C -
£ 150 —— 5
E \\- 1-8 =
3 145 3
& 140 138
2 3
1350 ©
-18
130
125 5 10 15 20 25 30 35 23
Time (s)

Fig. 2-39. Variations of speed andakis current duringransition from field weakening region to
constant torque region.

A similar test was performed when the | oad t
was increased from 1551 r/min to 1713 r/min. The measuaedsdcurrent response is
shown inFig. 2-40. When the speed ibelow1630 r/min, the motor operatés the
constant torqueegion and the -@xis current is kept constant as the spsedcreased.
The ampitude of the éaxis current begs to increase when the motor ent¢he field
weakening region.
The small hysteresis band of 110 r/min between the constant torque and field
weakening operations due to the delay and transient errotha integral regulator in
Fig. 2-21, when the speed varied continuously during the test. This hysteresis band is
useful in that it provides smoothatrsitions between the constant torque region and the

field weakening region.
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Fig. 2-40. Variations of speed andakis current during transition from constant torque region
field weakening region.
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A further test was carried out in which the speed of the drive was kept at 1600 r/min
and the reference torque was varied from
torque and reference voltage amplitude are showfign2-41. Again, the dotted line
illustrates the voltage limit.

Whenthe load torqueise | ow 10 NAm, ihtheconstanttarque regpme r a t
and the restént voltage amtlude increasewith increase in load torque, b below
the limit in average sense. Asthetadsl i n c r e a s ergtheavbltage amplitudle N A
reaches the limit and the motor entietd weakening operatios shown inFig. 2-41,
when the machine enters the field weakening region, the voltage amplitude is essentially
kept at the limit during the torque step changes, which again indicatgsdphesed

control scheme can always keep motor operating at the VCMTPA points.
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Fig.2-41. Reference togque and reference voltag
to 30 NAm at 1600 r/ min.
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To illustrate the dand gaxis currents control performance of the proposed control
scheme,tlie measured-&and gaxiscurrentsi nder t he same oliggrati on co
2-41 are shown irFig. 2-42. It is evident that theesultantd- and gaxis currents follow

the reference-cand gaxis currentsaccurately
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Fig.2-42. Measureddandga xi s currents when reference t
of 5 NAmM.

The reference torque was also varied from 30
to test the control performance of the transition from field weakening region to constant
torque region. The reference torque and reference voltage amplitude are shown in
2-43. Asshown irFig.2-43, when the | oad torque i s above 10
amplitude is maintained at the voltage limit, i.e., the VCMTPA points. Whereas when the
|l oad torque st eps enesktoostantlo@ueiedion, andthe eefererme o r
voltage amplitude decreases.
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Fig. 2-43. Reference torque and reference voltage amplitude when reference torque varies frc
NAm to O NAm at 1600 r/ min.
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Themeasureddand gaxiscurrentss nder t he same oPBi®248ti on
are shown irFig. 2-44. As can be seen, when the reference torque steps, the amplitude of
d-axis current exhibits an immediate step change associate@with. It subsequently
converges to the optimal vawnder the influence Q.
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Fig.2-44. Measureddandga x i s currents when reference t
of 5 NAM.

The measured torque and reference torque at 1660 r/min wheeféhence torque
variesromONAmo 30 NAmM in a step of B®BAMAm and
same step are shown kig. 2-45. The smooth transitions between the two operating

regions can be inferred from the good torque response and the voltage amplitude variation.
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Fig. 2-45. Measured torque and reference torque when reference torque was varied\frArm0
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2.4 Summary

In this chapter, virtual signal injection control is proposed and achieved irgtirarde.
The virtual signal injection method utilizes the fact thatraMA PA point the torque
variation with the current angle is zero. It is shown that this variation can be obtained
mathematically from the measured speed, currents, and the commane apitdigd to
an IPMSM through a virtual signal injected into current angle instead of real signals
injected into current. In this way, the proposed method is much more robust with respect
to current and voltage harmonwich arealways present in a pracal IPMSM. It also
avoids any torque ripple and resonant problem due to the current ripple in the real signal
injection methods, and will not cause additional power loss as a result of real signal
injection. Both the simulation and experimental resultsaestrate that the proposed
control scheme is very accurate in tracking the MTPA gewthout prior knowledge of
motor parameters and is robust with respect to torque variations.

The virtual signal injection aided field weakening control scheme exphadsrtual
signal injection control into field weakening region. It combines conventional model
based field weakening control and virtual signal injection control with voltage feedback.
The virtual signal injection aided field weakening control schemeézesamaximum
torque per ampere operation in constant torque region and voltage constrained maximum
torque per ampere operation in field weakening regimhachieves seamless transiton
between the two regions. The proposed control scheme not only hesdas response
but also can track the MTPA points in constant torque and VCMTPA in field weakening

regions without knowledge of accurate machine parameters.
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CHAPTER 3 Virtual Signal Injection Based

Direct Flux Vector Control

3.1 Introduction

In Chapter 2, the virtual signal injection based field orientated controleinator
synchronous (d]) framehas been developed to control IPMSM drives in both constant
torque regn and field weakening region. Alternatively IPMSM drives can also be
controlled in the stator flux linkage synchronous) frame through direct torque control
[20]i [24] or direct flux vector contrdR5]i [27].

Compared with €y frame based control schemés frame based control schemet
only can maage motor voltage in field weakening region without lopktables of
currens or referencelux [65] but also has better performance in field weakeif&g,
fast torque respong24], and higher torque control accuracy.

In order to opera&t IPMSM in constant torque region effectively, maximum torque per
ampere (MTPA) control is necessary. The MTPA control results in minimum current
amplitude for a given torque, and hence minimum copper loss which is dominant in
constant torque region. Intérature, MTPA strategies for-gl frame based control
schemes have been well studied. However, MTPA control strategies fianfie based
control schemes have not been comprehensively reported. Different-fydrarde based
MTPA control schemes, the perinances of-f frame based MTPA control schemes are
not only dependent on the accuracy of commands generated by the MTPA control
schemes, but also on the accuracy of flux observer. This implies that, comparedjwith d
frame based MTPA control schemesg,ffame based MTPA control schemes are more
vulnerable to command and flux observer errors. Therefore, studies of MTPA control in
f-t frame based control schemes for IPMSM drives are necessary.

Currently, the MTPA operation for-tf frame based control sames are mainly
achieved by controlling the reference flux amplitude. The reference flux amplitude for
MTPA operation can either be calculated based on mathematical [fiépet generated
from predefined lookup tables which are obtained from numerical machine model or

experiments[26]. However, in real applications, due to magnetic saturation, -cross
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coupling effects, manufacturirtglerance, material property variation, and temperature
variation, the parameters of an IPMSM are highly nonlinear and uncertain. Therefore, it
is almost impossible to obtain accurate reference flux amplitude according to predefined
look-up tables or mathematical mosleDn the other handt is difficult to obtain tle
predefined reference flux from experimental data. Further, the factors that influence the
MTPA operations such as temperature, manufacture tolerances and material property
variations may also vary in individual machirjé4]. In order to reduce the dependency

on motor parametersearch algorithms were, therefore, proposgd & This scheme

did not rely on the knowledge of motor parameters for MTPA operations. However, due
to slow converging rate, the dynamic performance of this search algorithm was
unsatisfactory and the torque control accuracy was affected by load torque disturbance as
well as voltage and current harmonics in a practical machine.

Recently, new methods basen the principle of extremum seeking control (E88],

[59], [80] for tracking the MTPA points by injecting highequency current signal into
machines have been reported.[T®], a signal injection based MTPA point tracking
scheme in-t frame is proposed. In order to avoid the residual tofgrenonic at the
frequency of the injected signal, a random signal was injected into reference flux
amplitude instead of the pure sinusoidal signal injection. And the MTPA points were
tracked based on the fact that the current amplitude variation withctespmjected
reference flux amplitude perturbation on MTPA points is £8¢ However, this method

may induce additional iron/copper loss as well as additional torque ripple as a result of
the injected signal. Moreover similar to othéiffame based control techniques described
previously, this method did not considie influence of flux observer error on MTPA
operations. Consequently, quality of MTPA operations may be significantly affected.

In this chapter,@af-t frame based control scheme employing the virtual signal injection
[41], [62], described in Chapte?, is proposed for realization of MTPA operation of
IPMSM drives in constant torque region and voltage constraint MTPA (VCMTPA)
operation in field weakening region. Without loss of generality, the dik@ctvector
control scheme is selected to demonstrate the proposed control scheme. The proposed
control scheme retains the advantages of thedrdme based control schemes but
eliminates any problem associated with real signal injection. Moreover, thesgc

control scheme is robust to flux observer error and motor parameters inaccuracy in
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tracking MTPA points in constant torque region and voltage constraint MTPA points in
field weakening region.

The rest of this chapter is organized as follows: se@i@routlines the mathematic
model of IPMSM drives in the-ff reference frame and briefly describes the principle of
virtual signal injection. The implementation of the proposed control scheme in constant
torque region is also illustrated in secti8r?2 and the proposed control scheme was
verified by simulations and experiments. Sect®a illustrates the implementation of
field weakening control based on the proposed control scheme. Simulations and
experiments were performed to verify the proposed control scheme in field weakening

region. Sectior8.4draws conclusion from the work.

3.2 Virtual Signal Injection Based MTPA Control in f-t

Frame

3.2.1Principle of Proposed Control Scheme

Control schem® of IPMSM drive can be achieved based on the flux and toreflie (f
reference frame whose relationship with respect to the clasgicfi@@me is illustrated in
Fig. 1-5. The mathematical model of an IPMSM in the feference framés givenin
(1-23) to (1-26) and the limit of torque is expressed w{ih22).

An f-t frame based control scheme can be formulated by controlling the stator flux
amplitude, , and the4axis componentQ of the stator current, when the stator flux is
estimated by a flux observer. The flux linkage references for MTPA operations may be
generated from the numerical model of the IPMSM and the data is stored in the controller
in a lookup table. However, theeference flux may deviate from the MTPA value when
the flux map of the actual machine differs from the model because of temperature
variation and other modeling errors. Although this problem may partly be circumvented
by the signal injection control proped in[79], the flux observer error may bring
additional control eor which affects MTPA operations. Further, in the field oriented
control, a deviation of -éxis current from its true MTPA point only affects the second

term in (1-3). Hence the resulting torque control error is relatively small. With the f
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frame based control, errors in, whether it is generated from the reference or from the
observer, will cause larger torque deviation as is evident {te@b). Therefore, the
MTPA operation in the-f frame is moresensitive to flux errorand the accuracy of

MTPA control is more difficult to be guaranteed.

3.2.1.1Relationship Between andf

For a given current amplitude (8-1), the relationship between electromagnetic torque,

“Y, and the current angle, defined in(3-2), can be expressed (&3).

() Q 1Q (3-1)
LR T ’?’"frz r
ol dagl (3-2)
Y ? 0A T 10 g 6 0 ‘00E] (3-3)
Let] denote the optimal stator current angle for MTPA operation. Tlaad g

axis curents for MTPA operation can be expresse(Bid), (3-5) according tq3-1) and
(3-2):

Q Oi Q¢ (3-4)
o} 00 € i (3-5)
The d and gaxis fluxes can be expressed36) and(3-7), respectively.
0 "Q (3-6)
0 "Q (37)

Substituting(3-4) and(3-5) into (3-6) and(3-7), the optimal d and gaxis fluxes for
the MTPA operation can be expressed W) and(3-9), respectively.
0 Oi Qe (3-8)
0 'O & Ti (3-9)

The flux amplitude can be expresseith:
(3-10)

Substituting(3-8) and (3-9) into (3-10) yields the optimal fix amplitude for MTPA

operation:
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(oL 0 G i (3-12)

Moreover, under MTPA operatioh”YjT f 1, and according to (3-3), the

relationship between and’Ocan be expressex$[40]:
go 0O O !
T i 08 i (3-12
TU O
(3-12) can also be written as:
i Qe
0 — — 313
0 0 p c¢i Q¢ ( )
Substituting(3-13) into (3-11), the flux amplitudehat corresponds tp , l.e., the
optimal fluxamplitude for MTPA operation, can be expressed
AR (3-14)
Where
® bi 0 (3-15)
0 0 ¢ Q¢ P
- 0 G if i Q&
W , (3-16)
0 0 ¢ Q& p

It follows from (3-12) and(3-14) that for given current amplitud®there is a unique
relationship between the optimal stator flux amplitude, , and the optimal current
anglg . Therefore, can be obtained through adjusting the current dngte
its optimal value and vice versa.

By way of exampleFig. 3-1 (a) and (b) show the variaticof the stator current angle
I and the variation of the electromagnetic torque with the amplitude of the stator flux,
respectively, for a prototype IPMSM whose specification is giveralnie2-1.

As it is shown inFig. 3-1 (b), when the flux amplitude increases, the resultant torque
initially increases and exzhes a maximum before decreasifigis maximum condition
corresponds to MTPA operation. It is also evitifromFig. 3-1 (a) thatthe optimal flux

for MTPA operation can be found by adjusting the current angle sudhjatf Tt
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Fig. 3-1. (a) Relationship between flux amplitude and current angle. (b) Relationship between
amplitude and resultant torque.

FromFig. 3-1 (a) and (b)} "YjT f will be negative when the stator flux amplitude is
smaller than , and vice versa. This characteristicf 6%j7 fis utilized by the

proposed control scheme to track the MTPA point.

3.2.1.2Virtual Signal Injection

The concepand implemetation of the virtual signal injectioare proposeth Chapter
2. The torque fluctuation given -12) as a result of the virtual signal injection forms
the basis for extracting”Yj! . Thet "Yj! T information can extracted by signal
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processing blocks in Chapter R.is worth noting tlat the reason for injecting high
frequency signal into the current angle is that it can be easily and accurately obtained
from measured-dand gaxis currents and is independent from flux observer errors.
When the output of the signal processing unédsal to zero, the MTPA operation can

be inferred. Otherwise the informationTdfYj! f can be utilized to adjust the stator
reference flux amplitude until it reaches the optimal value. Details about this adjustment
will be given in sectior3.2.2

3.2.2Implementation of the Proposed Control Scheme

Model based

MTPA flux 3 Y, and i,
reference PI
generator controllerpd

Torque limit

Fig. 3-2. Schematic of the proposed control scheme.

In this section, the details for implementing the proposed control scheme are described.
The proposed control scheme can be divided into two parts, as shéwn 82. The
first part is a conventional direct flux vector control scheme proposgbjnwhich is
utilized to generate nominal reference flux linkage and referenceaxis current
for MTPA operation with fast response. The second part of the proposed cohé&wies
is a compensation loop based on the virtual signal injection to correct the errors of the

reference flux and the observed flux.
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3.2.2.1Direct Flux Vector Control

The direct flux vector control schenfig5]i[27] is adopted by the proposed control
scheme as an example of ahffamebased control scheme shown in Raot Fig. 3-2.

To ensure an IPMSM drive operates within the current and voltage limits, the reference
torque is limitedby (1-21). The nominal reference flux amplitude is generated

from a predefined lockip table which produces the nominal optimal reference flux
amplitude from the limited reference torque as its inphe table is computedff-line

from a high fidelity nonlinearRMSM machine model based on FE analy$8&. The
reference -axis current is generated according (1825) and limited by(1-26). As
proposed irf25], the stator flux linkage is directly regulated by tkexfs voltage while

the taxis current is regulated by thaxis voltage More details fothe direct flux vector
control can be found if25].

However, due to machine parameter variations and uncertainty, the accuracy of
generated from the loekp table cannot be guaranteed. Moreover, due to errors in the
flux observer, the observégh and| may not eqal their actual values, which will
also affect the MTPA control performance significantly. In order to compensate these
errors, an error compensation teem for the reference flux amplitude which is

generated from the virtual signal injection is prega.

3.2.2.2Reference Flux Amplitude Error Compensation

The reference flux amplitude compensation termis generated from Pailit of Fig.
3-2 according to the virtual signal injection dnd¥jT f information extraction described
in section3.2.1.2

As shown in Partl of Fig. 3-2, the measured-dnd gaxis currents are filtered by a
low-pass filter denied as LPF 3 to eliminate high order harmonics. The filterexhd
g-axis currents are transformed into the polar coordinate systef®hyand (3-2) to
obtainf and’O. The d and gaxis current perturbations with the injected high frequency
signal are calculated frof2-6) and(2-7). The resultant torque variatioM is obtained
from (2-12) based orlQfQ, the d and gaxisreferencevoltages, the measured @nd g

axis currents, and theaasured speed. Both treferencevoltages and measured currents
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are filtered bya low-pass filter denoted as LPF 2 to attenuate undesirable noise. The
torque perturbationy is filtered by a bangbass filter (BPF) to extract the first order term

of (2-13). The output of the BPF is further multiplied byQ¢ 0 before being fed to the
low-pass filter denoted as LPF 1 to obtain the signal proportiohdvjd .

The output of the LPF 1 is used by an integral controller to progluceThe gains of

the integral controller are negative since when the stator flux amplitude is smaller than
as shown inFig. 3-1 (b), -1 "YjT T mand vice versa. Thus, the integral

controller will adjust the reference flux amplitude such that when lower than , it

will be increased, or otherwise decreased UritjT 1 T, i.e., the MTPA point is

reached. In this way, the errarf and the flux observer are compensated-by.

It is worth noting that the voltages and curreni@ii2) are in d and gaxiscoordinates
therefore, the virtual signal injection based feedback loop will not be affected by the
inaccuracies in the observed quantities, such asd taxis currents, flux amplitude and
the anglé . Therefore, while flux observer error may cause torque doatror, the
accuracy of the proposed control scheme in tracking MTPA operation of actual torque
will not be affected. This property will be demonstrated by simulations and experiments
in sections3.2.3and3.2.4

3.2.2.3Flux observer

For the ft reference frame based control, a flux observer idew this Chapterthe
conventional closed loop flux observer introduced7id] is adopted. The schematic of
the flux observers illustrated inFig. 1-19 andmore details can be found in Chapter 1.
However, other kinds of observer are also possible for the proposed control scheme.

3.2.3Simulation Studies

Si mul ations were performed based on a p
specificat iTable2-1. s Téaemwdhnxgiisn i nductances an
magnet flux | inkage ofli near maolki war gr s i i
curs emécause of mdaaqndthiec coatowsradti ibmapbser

i ntrodruictd® si met t o 101 80 8 € hatdbi esibdded“e5a0d / s
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corresponds to 500 r/min rotor speed and t he
observer is saspedacitorgemdroatted hfi swopn a pr ede
tabl e.
The influences of the amplitude and angle errors of the flux observer on the proposed
control scheme and on the conventional lopktable based direct flux vector control
scheme are studidaly simulation when the drive operates in the constant torque region
with 45 Nm reference torque at 1000 r/min. A high fidelity IPMSM model with due
account of temperature effects on phase resistance and permanent magnet flux linkage is
employed to repre&mnt more realistic machine behavior in the simulation. Variations of
the PM flux linkage and the-@nd gaxis inductances at room temperature ofQvith
currents are mapped in the flux observer and the inverter is assumed to be ideal. While
the real motor temperature will lfferentfrom the room temperature, this assumption
is used for the purpose of simulation studies. Thus, the observer adtbeate in steady
state if the phase resistanceadd gaxis inductances and the PM flux linkage used in
the observer are the same as those in the machine model. However, observer errors can
be deliberately injected in the simulatiofsg. 3-3 shows simulated torque variations
with stator flux amplitude when the flux observer is accurate, when the observed flux

amplitude is 5% and 10% lower but thieserved angle of the flux vector is accurate.

70 . : :
i @ MTPA point

65 1 ¥ Proposed MTPA tracking result
. : 5 Without VSI compensation
ZE 601 - === Constant current amplitude locus
[P r = 8
% 33 _ F=09%) O---- 90.4A
S 504 =0 9?}{’5‘___‘(,;;@31%5‘1 A ‘fff:‘*.i?,

P = Y| oot 808A L
45 R e HO 768 A
40—

0.13 0.135 0.14 0.145 0.15 0.155 0.16
Flux amplitude (Wb)
Fig. 3-3. Influence of observed flux amplitude error on MTPA tracking of proposed and
conventional direct flux vector control schemes.

In each case, simulations are first performed by disabling the MERAenceflux
generation table and the VSI based flux correction loop, and repeated for different values

of the stator reference flux amplitude while the current amplitude is kept condtan
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the referenceflux amplitude varies. The constant current loci obtained from the
simulations are used to predict torque control accuracy and the MTPA points associated
with each case as shownHig. 3-3.

The simulations are performed subsequently for the proposed and conventional direct
flux vector control schemes for each case, and the resultant stator flux amplitudes of the
two control schmes are also shown Kig. 3-3. The actual MTPA points obtained from
curve fitting of the simulation data are denoted by cycles, the MTPA points tracked by
the proposed control scheme are denoted by triangles and the control result of the
conventional lookup table based scheme are ated by squares. As can be seen, when
the flux observer is accurate, both control schemes operate on the MTPA point and the
output torque equals to the reference torque. Torque control errors occur when the
observed flux deviates from the true value. Frample, when the observed flux
amplitude is 10% lower, the torque is greater than the reference of 45 Nm because the
reference-axis current generated K§+25) is greater than what is required. However, the
proposed control scheme is still capable of tracking the reference flux amplitudes to the
actual MTPA flux amplitude despite of large torque errors. In contrast, the observer
magnitude error results in a signditt deviation from the MTPA point with the
conventional lookup table based control schemdiieh will increase copper loss.

Fig. 3-4 shows simulatedotque variations with stator flux amplitude when the flux
observer is accurate, when the observed angle of the flux vector is 10% and 20% lower
but the observed flux amplitude is accurate. Sameias3-3, the actual MTPA points
obtained from curve fitting of the simulation data are denoted by cycles, the MTPA points
tracked by the proposed control scheme are denoted by triangles and tbkeresalir of
the conventional lockip table based scheme are denoted by squsseshown inFig.

3-4, when he magnitudes of the flux amplitudend t-axis currentare equal to the

optimal valuesbut the flux vector angleis inaccurate the net torque production
component is reduced and hence the output torque is lower than the reference. However,
as can be seen froig. 3-3 andFig. 3-4, the differences between optimal flux amplitudes

of different MTPA points are relatively small. Therefore, although the resultant torque is
reduced due to the angle error, its corresponding optimal flux ampliaegenot deviate

much from the optimal flux aplitude of the reference torqu&herefore, according to

Fig. 3-3 andFig. 3-4, the MTPA operation of direct flux vector control is not sensitive to

the error of observed flux vector angle Biery sensitive to the error of observed flux
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amplitude.However, the proposed control scheme can always track the MTPA points

accurately.

.
co

@® MTPA point
" W Proposed MTPA tracking result -
0 Without VSI compensation

N
~J
T

.
N
T

Torque (N-m)
I
-

43
e !i .
0.13 0.135 0.14 0.145 0.15
Flux amplitude (WD)

Fig. 3-4. Influence ofobserved flux vectoangle error on MTPA tracking of proposed and
conventional direct flux vector control schemes.

It should be noted that torque caiterror is inevitablevhen the flux observer isot
accurate. However, the torque error can be corrected by the speed feedback loop in a
speed servo drive. For EV tractions, the feedback correction will be performed by a

human driver.

0.17,

f f 67

0.16 MTPA flux amplitude (Wb) ||
g 0.162 — Resultant flux amplitude (Wip1l
=0.158 Y smain (WD) 155 =
S 0.154 — Torque (Nbn) 149
= 015 o
£ 435
£ 0.14 2
X 0.142 ,37|_
L 0.138 =

0.134 =31
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Time (s)
Fig. 3-5. MTPA point tracking performance when temperature changes.

The temperature influence on the proposed control scheme has also been studied by
employing a temperature dependent machine model. From the design data of the
prototype machine, the stator resistance increases 39% péCl@tperature rise and

the remanence of the permanent magnets decreases 12% P& tEbOperature rise.
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However, the model used in simulations for the observer and for generating reference
flux amplitude and current assumes a constant temperaturé®f PBe simulation result

of the influence of temperature on MTPA point tracking performance of the proposed
control scheme is shown Fig. 3-5 where the stator temperature in the machine model
is changed from 208C to 120°C at t=15 s. As cabe seen, due to the machine parameter
variations with temperature, the flux observer is no longer atzu€onsequently, the
torque decreasenvhen the temperature is increased. However, the neésvenceflux
amplitude which redts with the proposed contrechemefollows closely the optimal
MTPA flux amplitude of the new machine parameters by the virtual signal injection based
correction loop although the change of the optimal flux amplituden@ll It follows

from the simulation results shown kig. 3-4 and Fig. 3-5 that the proposed control

scheme is ralst to flux observer errors.

3.2.4Experimental Results

The proposed direct flux vector control scheme has been tested on the same prototype
IPMSM drive using the same tesg as shownn Fig. 2-10.0 ,0 , in the current
model based flux observer are set to their nominal values, i.e., 0.64 mH, 1.84 mH and
0.1132 Wh, respectively. The PI gains of the observer showig. 1-19 areset to the
same values used in the simulation.  is generated from a predefined leof table.

3.2.4.1Validation of Machine Parametetsdependent MTPA Control

For the conventional loeldp table based direct flux vector control, i.e., PamntFig.

3-2, the accuracpf MTPA operation is highly depend on the reference flux amplitude,
, and the accuracy of the flux observer.

However, the proposed virtual signal injection based direct flux vector control can
automatically and accurately track the MTPA points without knowing machine
parameters except for the nominal machine parameters in the flux observer expressed in
(1-28).

In order to verify the MTPA tracking performance of the proposed control scheme,
experiments were first performed by setting  as a constant value, i.e.,
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T® Wb. The drive was tested at 1000 r/min and torque varied from 5 Nm to 35 Nm.
Since the actual flux amplitude is difficult to measure, the measueedgsdcurrent is
utilized instead of flux amplitude to illustrate the MTPA tracking periance of the
proposed control scheme. As showikig. 3-6, the drive is enabled viit5 Nm reference
torque att4 s. Atthebeginning, due to the inaccurate |, the resultant-éxis current

is quite large, abouBO A. HoweverY in Fig. 3-2 automatically compesates the error

in the reference flux amplitude until the MTPA point is reached. Moreover, as shown in
Fig. 3-6, for each torque step, the proposedtool scheme always tracks the MTPA
points accurately although a small overshoot can be observed in the measured d

current. The response of the proposed control scheme can be improved by a more accurate

70 : : : 60
— Reference torque @h) 150
50+ d-axis current (A) 140 —~
—~ 30+ ===MTPA d-axis current (A) ’ 130 f’
8 . _ — 120 ©
- 10— 110 3
g (&)
=) -loll 10 <)
() ----"---_l._—- - §
= 30 | e T8
50 P - 20
| ——
% 50 100 150 200 250 %0
Time (s)

Fig. 3-6. Measured xis current, MTPA ehxis current, and reference torque
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Fig. 3-7. The output of LPF 1 and measureebds current

Fig. 3-7 shows the variation of-dxis current with the output of LPF 1 which is

proportionalto T "YjT fand utilized to generate . As is seen, at each torque step, the
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output of LPF 1 is initially largeandthen decreaseto zero, which indicates that the
MTPA point is tracked gradually, untilft “YjT 1 1

3.2.4.2Independence of Flux Observer Error in MTPA Operation

Since the virtual signal injection compensation is based on measured currentsin the d
g frame, the flux observer error does not affect the MTPA tracking performance of the
proposed control scheme. In order to verify the independence of flux observetherror
proposed control scheme and conventional control scheme, i.e., the control schigme
3-2 Partl withoutw compensatioywere tested at 400 r/min when the reference torque
was stepped from O Nm to 5 Nm. The reference flux amplitude, , in both control
schemesvasgenerated by the same mtefined lookup table which is obtained from a
high fidelity nonlinear PMSM machine moddlL3]. The high fidelity IPMSM machine
model was generated from numerical analysis of electromagnetic field based on finite

element analysis.

40 T T T - T T 35
30 — Reference torque @) 30
Conventional control scheme result Az) —_
_. 20 Proposed control scheme result (A) || 5§
€ 10 ===MTPA d-axis current (A) 120
© 0 I 153
(e 0
s -10 10
= ®
-20 5 ©
-30m=—mm T amemewirsaniowuss O
| | | |
-40 r r r r L-S
0 5 10 15 20 25 30 35
Time (s)

Fig. 3-8. Comparison between proposed control scheme and conventional control scheme at 4(
when reference torque steps from 0 Nm to 5 Nm.

Because of inverter nonlinearity and voltage drop, the flux observer illustrafégl. in
1-19 may have large error at low reference torque and low speed, i.e., low current
amplitude and low voltage amplitudhe comparison between proposed control scheme
and conventional lockip tabk based control scheme is showFign 3-8. Ascan be seen,
when the reference torque is 0 Nm, the resultasaxis current of the proposed control
scheme is 0 A, being the same as the MTPaxi$ current. However, the resultaraxis
current of the conventional model based control scheme is ald®#t which is caused
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by the errors in both the flux observer and

and inefficient operation.

. This will lead to largecopper loss

When reference torque steps to 5 Nm, the resultafixid current of the proposed

control scheme follows the MTPAakis current accurately, however, the error between

the resultant xis current of the conventionaontrol scheme and the MTPAaXkis

current remains large. The high MTPA tracking accuracy of the proposed control scheme
is due to the fact that

and flux observer.

in Fig. 3-2 automaticallycompensates the errors in both

T

—

60 @ MTPA point
V¥ Proposed MTPA tracking result
50 [0 Conventional MTPA control resu
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Fig. 3-9. Comparisorof MTPA tracking performanaeof proposed and conventional control scher

—
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Fig. 3-10. Comparisorof MTPA tracking performanceof proposed and conventional control
schemes at 100@min.

The MTPA tracking performancef the proposed control scheme was also tested at

various speeds and reference torques in steady Bigte€3-9 and Fig. 3-10 show the

MTPA control performance of the conventional control schendetfaaproposed control

scheme when the motor drive operates at 400 r/min and 1000 r/min, respectively. At both
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speeds, the motor drive was tested by varying the reference torque from 10 Nm to 35
Nm in steps of 5 Nm. Again, in both the contil schemesvasgenerated by the
same pralefined lookup table as described previously.

The MTPA tracking results of the proposed control scheme are denoted by triangles in
Fig. 3-9 andFig. 3-10, whereas the control results of the conventional direct flux vector
control scheme are denoted by s@saiTests were also performed by varying the current
vector angle while its magnitude was kept constant. The results are shown in the curve
marked by the crosses. The exact MTPA points, denoted by the circles, can be obtained
using curvefitting of the constant current amplitude lodor the different reference
torques.

ComparingFig. 3-9 andFig. 3-10, it can be seen that the MTPA tracking errors of the
conventional contl scheme are dependent on both torque and speed. Simearihmal
flux reference generated from the loekp table for a given reference torque in
constant torque region is independent of speed, the deviations of the control results must
be @used by observer errors. However, although the reference flux amplitude
and the flux observer in the proposed control scheme are the same as those in the
conventional control scheme under test, the proposed control scheme can track the MTPA
points accurately and consistently. Therefore, the flux observer independence of the
proposed control scheme in tracking MTPA points can be verified.

To illustrate the quality of MTPA tracking of the proposed control scheme, the
measured torquperAmperevariations with load torque at 1000 r/min obtained from the
proposed and conventional control schemes are compared with the MTPA péiigts in

3-11. Again, the good MTPA tracking of the proposed control scheme can be observed.

<062 9 Torque per ampere of MTPA point I
g e Torque per ampere of proposed control schen
'o 0.61 ] Torque per ampere of DFVC without VSI
S 06
% 0.5 " @ @ é
8 058 & X |
S0 & T o o o
S O.5777@"4‘\fif i — =
g
2 05 Ej
0.55 *

10 15 20 25 30 35 40
Reference torque (@h)
Fig. 3-11. Comparison of torque per ampere variations of proposed and conventional control st
at 1000r/min.
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It is worth noting that the MTPA tracking performance of the conventional control
scheme is mainly dependent on the accuracy of . Aninaccurate may cause
large deviation from the MTPA point as shownFig. 3-6 at t=4 s. Hence, due to the
nonlinearity and uncertainty of the machine parameters, the MTPA control performance
of the conventional control scheme is difficult to guarantee. However, the MTPA control

accuracy can always be guaranteed by the proposemlcectieme.

3.2.4.3Performance of Proposed Control Scheme during Payload Torque Change

The MTPA tracking performance of the proposed control scheme during payload
torque changes shown inFig. 3-12. Themotor was operated at 1000 r/min and a step
change in reference torque from 30 Nm to 35 Nm was appli@tie reference torque is
filtered by a lowpass filter to limit the torque variation rafehe dashede represents
the ideal MTPA eaxis current at 30 Nm and 35 Nm at 1000 r/min. It can be seen that
the corresponding-éxis current generated by the proposed control scheme is very close
to the ideal ebxis current during the torque step change.

50 : : r ——10
A5 — Reference torque @) !5
d axis current (A) o ~
~ 40 ===-MTPA d axis current (A} 5 5'::
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< 35 { 2-10 g
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S 30 1202
A o Tt e i s
F 25 i 125 %
0 b S e T AR Ml-30
1-35
1 -4
55 10 15 20 25 30 35 0

Time (s)
Fig.3-12. MTPA tracking response of proposed control scheme to step change in reference tc
speed of 1000 r/min.
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F i &1 Zhowsthe response dhe LPF 1outputwhich is proportional th "YjT T as
is shown n Fig. 3-2. Sincethe torque change results in deviation from the MTPA
operation, therefor®,”YjT Tis no longer zeravhen torque changes.uBit is usedto
adjust the reference flux amplitude uhtijT f becomes zero again, i.e., reaching the
new MTPA point.

Fig. 3-14 shows the measured and estimated torque responses to the step change in
reference torque. The estimated torque is calculated from the machine parameters stored

in look-up tables with the meared d and gaxis currents.
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Fig. 3-14. Measured torque and reference torque at 1000 r/min.
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3.2.4.4Performance of Proposed Control Scheme at Low Speed
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Fig. 3-15. MTPA tracking response of proposed control scheme to step change in reference to
15 r/min.

In order to verify the performance of the proposed control scheme at low speed when

the d and gaxis voltages are small, the motor drive was testdd r/min. The estimated

torgue and measuredaxis current responses to the step change of reference torque from
15 Nm to 20 Nm at 15 r/min are slown inFig. 3-15. Again, the dastdline in Fig. 3-15

indicates the actual MTPA&Xxis currentassocitd wi t h

15

NLm and

20

It can be seen that the proposed control scheme can still track the MTPA point accurately

although the torque error and ripple is noticeable. In order to avoid dividing by zero at

very low speeds when processing tight hand side of2-12), thes

term can be

suspended when the measured speed is below a minimum threshold.

3.3Virtual Signal Injection Based Field Weakening

Control in f-t Frame

Compared with the-d frame based field weakening control schemé¢$rdme based

control schemes have many merits. Tiidrame based field weakening control scheme

can directly regulate the flux amplitude without knowledge of nmecparameters except

for stator resistance which can be considered as its nominal ltalsi@lso robust to

variable delink voltage. Therefore the problems of field weakening control caused by
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Chapter 3Virtual Signal Injection Based Direct Flux Vector Control

inaccurate machine parameters as discussed in Chaptebbd aaniced Moreover, since

the delink voltage is one of the key factors for field weakening control, the variation of
dc-link voltage always causgreat difficulties in controlling the battepowered system,
such as electrical vehicle, ingdframe. However, the difficulty can be easily solved by
f-t frame based field weakening control schemes.

As illustrated in Chapter 2, the virtual signal injection control is not effective in field
weakening region. In order totexd the virtual signal injectiozontrol scheme into field
weakening region, additional control scheme is needed, which will be discussed in the
rest of this chapter.

3.3.1Principle of Field Weakening Control of Virtual Signal

Injection Based Direct Flux Vector Control

As discussed in seom 3.2, the direct flux vector control scheme controls the stator
flux amplitude and the-axis current through-fand taxis voltages. The relatiship
between the stator flux amplitude and the maximum voltage amplitude is expressed in
(1-22) and he voltage amplitude given with

Ve VR VR (3-17)

From (1-23), (1-24) and (3-17), when speedncreases, the voltage amplitudkso
increases. Since the vafje amplitude is limited by the maximum voltage, at high speed
the stator flux amplitude should be decreased to guarantee that the resultant voltage
amplitude is not larger than the maximum voltage, i.e., the field weakening control is
needed.

When the mtor drive is operating in the field weakening region, the stator voltage is
constrained by the maximum voltagég. 3-16 shows the variations of torquand voltage
amplitudes with stator flux amplitude for a given current amplitude when the required
voltage for the MTPA operation is larger than the voltage limit. As the flux amplitude
increases towards the MTPA point, the resultant torque and voltggéuata,v , will
increase. Therefore, the voltage constrained maximum torque per ampere (VCMTPA)
operation is the point at which the voltage amplitude is equal to the voltagg lijraind

on the VCMTPA point, the maximum torque is achieved for the given current amplitude
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Chapter 3Virtual Signal Injection Based Direct Flux Vector Control

and voltage limit. Moreover, as illustrated Fig. 3-16, on the VCMTPA point
1°YjT 1w which implies that th& PFO signal fromPartll of Fig. 3-2 will tend to
adjust the flux amplitude toward the MTPA point unfil”Yj? f 1t This may cause
the voltage amplitude to increase beyond the maximum voltage. Therefore, if the voltage
amplitude reaches or exceeds the voltage limit, the virtual sigeatioy control should

be suspended.

Constant current amphtude locus

60
--------- -(JTeJo}BI>05 5

Torque (Nm)

Voltage (V)

Voltdge llmlt (v“mm)

20 L i
0.06 0.08 0.1 0.12 0.14 0.16
Flux amplitude (WD)

Fig. 3-16. Torque and voltage amplitude variations according to flux amplitude variation for a g
current amplitude.

According to(1-22), the maximum flux amplitude under the voltage constraint is
parameteindependent except for the phase resistance. However, the voltage drop across
the resistance is relatively small compavgth the voltage limit and the resistance can
be assumed as its nominal value. Therefore, by assuming the nominal value of the phase

resistance at a representative temperature, the optimal flux amplitude for VCMTPA

operations, , can be obtained Kit-22).

3.3.2Implementation

The proposed virtual signal injection based direct flux vector control uti(iz&2) to
set the limit of the reference flux amplitude for field weakening control. The schematic
of the proposed control scheme is showfio 3-17. It consistsof three parts. Paitis

the conventional direct flux vector control as propose@@). Partll in Fig. 3-17is a
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virtual signal injection block which generates ttfeFO signal proportional th"YjT T
as described in sectidh2.2based on the virtual signal injection. PHrtis the field
weakening error compensation block to achieve seamless combination of the virtual

signal injection control and voltage feedback fielelkening control.

1
' I
! :
' AP, I
| Torgque limit ——— R we . | :
1 T Eq. (1-21 odel base N Flux limiter S, & I fit d
' 4 ( )F’ MTPA control Eq. (1-22) | ¥ am . to 9> svpwm |
! LYt dq abd™ Inverter !
1 L
. g - 6 et || !
1 . . i abc ] 1
| Ec/»| - Eq. (1:26) —>— ’_:d it i ¥ !
! A, C=1/(3p/2) iy limit Ly Flux observer I d,q mml JPMSM - i
g P A | B L]-
r— _/__________________________________: _________ N B _i
[| ¢ PartIll: Field weakening error compensation |
1
S ( N |
: : s _,_")‘/? } Integrator |
|| N S |
[ | h FB ifFB<0 ) |
L ‘ Integrator ] output=0 |
| . | Verror else : |
| [ zrro |output=LPFO 0, fal I
| Verror = Vmax — Va ( a gl 9
| S to LPF 3 |
[ -~ — B LB ‘? |
| _ B rT :
| |
| |
| |

Fig. 3-17. Schematic of the proposed control scheme.

As shown inFig. 3-17 Part I, is limited by (1-22). However, due to the
parameter inaccuracies and flux observer error, the nominal reference flux amplitude,
, may not equails optimal value. In order to compensate for the elirors
and in the flux observer, the virtual signal injection combined with the voltage feedback
field weakening control is employed in PHrtof Fig. 3-17 to generate the reference flux

amplitude compensation temm . The voltage erron in Fig. 3-17 is calculated
from (3-18) and the reference voltage amplitutiein (3-18) is obtained fron{3-17).
V] V] Ve (3-18

Whether the lowpass filter output, i.e., thePFO signal, orv is fed to the
integrator in Partil of Fig.3-17dependon the sign ob . The operationwith regard

to the voltage error are described as follows.
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3.3.2.10 T

Under this condition, the amplitude of treferencevoltage is greater than the voltage
limit, which implies that IS larger than andwill cause voltage saturation.
Hence, thereference fluxamplitude °, should decreas® will be fed into the
integrator in Partll and theLPFO signal (the output of LPF 1) will be suspendé&be
negativey will cause the integral regulator outpbt, , to decrease, and as a result,
the reference flux amplitude moves toward the VCMTPA point. Thus, will
compensate the error in as well as in flux observeto preventthe voltage

saturation by decreasing until it equalsd

3.3.2.20 T

Under this condition, the integrator input in P#rt is the LPFO signal which is
proportional to T "YjT f . Asshown inFig. 3-16, if the reference voltage amplitudé
is lower tharh  , the motor operates on the leities of the VCMTPA pointyY  will
be adjused such thalux amplitude tends toward the MTPA poimitil T "YjTf T
oru T, i.e., when either the MTPA or VCMTPA point is reached

It follows that theY  can be utilized to ensure efficient operation of IPMSM drive
the fidd weakening regionin conventional feedback based field weakening control
without the virtual signal injection compensatidithe observed flux amplitude is larger
than the actual flux amplitude due to flux observer error, the generated flux amplitude
stator will be lower than the optimal flux amplitudendthe voltage feedback loop is no
longer in action and hence the VCMTPA control in the field weakening region may not
be achievable.

However, as described above, the MTPA control in constant tosggien and the
VCMTPA control in field weakening region can always be guarantgdatdproposed

control scheme.
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3.3.3Simulation Results

Simulations of the virtual signal injection aided direct flux vector control for field
weakening operation were performed based on a prototype IPMSM drive system. The

motor model in the drive system is the same as that described in $2tbn

3.3.3.1VCMTPA tracking performance

Fig. 3-18 shows thesimulation result of the proposed field weakening control of the
| PMSM drive when it is operated at 3000 r
The ideal flux amplitude for the VCMTPA operation is 0.069 Wb. As showngr8-18,
the value of obtained from(1-22) is initially equal to 0.072 Wb which is larger
than the ideal value due to inaccurate machine parameters. However, the reference flux
amplitude, *, generated by the proposed control sch@mmpensates for the error in

and maintains the motor operating on the VCMTPA point.

To illustrate another possible condition in which the  may be smaller than the
ideal flux amplitude, att =25 s, becomes equal @066 Wb. Again, the reference
flux amplitude tracks the ideal value and the difference is compensated by the proposed

control automatically.

0.08 [
— Y_ (Wb)
0.07 Y arain (WD)
@
S
x 007
: [
0.06 'y'
0.0 10 20 30 40 50

Time (S)
Fig. 3-18. Reference flux responses of proposed fieddkening control.

The resultant voltage amplitude and reference flux amplitude under the same operation

conditions are shown ikig. 3-19. As can be seen, the resultant voltage amplitude is
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always kept at the maximum voltage amplitude, which indicates the VCMTPA operation

can be guaranteed by the proposed control scheme dithoug

larger disturbance is applied to the reference flux at t=25 s.

is inaccurate and a

0.1
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91
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Maximum voltage amplitude (\
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Fig. 3-19. Resultant voltage amplitude and reference flux amplitude under same operation cont
of Fig. 3-18.

3.3.3.2Robustness to Speed Change in Field Weakening Region

T

Torque (N) |
= Speed (r/min

4000

w
o
o
o
)

2000

Speed (r/min

1000

10

20
Time (s)

30

40

Fig. 3-20. Fast transition afmotor operation from constant torque region to field weakening regior

large speed step in field weakening region.

In order to demonstrate robustness of the proposed control scheme to step changes in

speed, the torque response to step changes ofad0in speed is shown iRig. 3-20.

The reference torque is set to 45 Nm and speed varies from 1000 r/min to 1500 r/min at

t=15 s and varies from 180@/min to 2000 r/min at t=30 s. It can be seen that the proposed

control achieves stable and fast response to the speed step changes. However, for electric

vehicle traction and other applicans, a step change in spemhnotoccur due to large
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mass andhertia of a drive system. Therefore, the condition illustratédgn3-20 can be

considered as the worst condition which may occur practically.

120 ; ‘
Voltage amplitude (V) 13500
100- |- Maximum voltage amplitude (Vi
. Speed (r/min) =
S 80 12500E
~ =
g 60 D
= | i (]
§ 40 1500 (%
20 1500
0]
0 10 20 30 40
Time (s)

Fig. 3-21. Resultant voltage amplitude during speed step.

Fig. 3-21 shows the resultant voltage amplitude and motor speed under the same
operation conditions dsig. 3-20. As shown inFig. 3-21, when the motor is operating at
1000 r/min in the constant targ region, the voltage amplitude is below the maximum
voltage amplitude. However, when the motor speed steps to 1500 r/min, the voltage
amplitude reaches the maximum voltage amplitude, and the VCMTPA is achieved. The
fast and smooth transition from the stant torque region to the field weakening region
can be inferred. When the speed steps from 1500 r/min to 2000 r/min, the resultant voltage
amplitude is always kept at the maximum voltage amplitude and the robustness of the

VCMTPA control to speed changan be verified.

3.3.3.3Influence of Flux Observer Error

The influence of flux observer error on proposed control scheme in field weakening
region was also simulatelig. 3-22 shows the simulation result of the proposed cdntro
scheme when the drive operats3000 r/min and 20 Nm in field weakening region.
Initially the observer was ideal. At t=15 s, the observed angleecame 0.5 times of its
accurate value and at t=25 s the observed flux amplitude became 1.1 times of its accurate
value. However, under all of these conditions, the proposed control scheme can always
keep the voltage amplitude equalito except fo transient deviations. Therefore, the
proposed control scheme can always guarantee the drive operating on the VCMTPA

points in the field weakening region.
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12 : : : : 0.1
Voltage amplitude (V)

100~ |- Maximum voltage amplitude (V, g
R — Reference flux amplitude (beo-ogv
S 80 )
> E
> 60 0.085
= IS
> 40 a S
10.07.3
20 -

0 .06
5 10 15 20 25 30 35 48
Time (s)
Fig. 3-22. Referencdlux and voltage amplitudesponse to observer error in field weakening regit

3.3.4Experimental results

The proposed field weakening control in thieffame, which incorporates the VSIC,
was inplemented in the IPMSM driveThe parameters of the virtual signal injection

block employed in the experiments have been described in s8@idn

3.3.4.1Transition between ConstaTorque Region and Field Weakening Region

Since the MTPA operation performance of the
vector control has been varpRfdaded thhy sexpertiin
experi ment al results that verify seamless tra
and field weakeninAgst hegaohualeflpuesampbdtude
measume,astulaeeds dcurrent is wutilized instead of
performance of the proposed control scheme.

Ass howifkig. 828t he test of transition from the fi
constant torque region is first performed. Thi
r/f min with refer@nbtéMheor gpeedqual 1t7& 02 r / mi n

opesiant et he field weakening. As -akesspeededecr
al so decreases. At the speed below 1640 r/ min,
and conseqgaxingeégygr td@clhies i ts optimal value wur

A smooth transition from the field weakening

observed.
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190 ——————————
— Speed (r/min) |35
180 d-axis current (A)og .
=170 e — 115 <
D " 3
© 150 15 9
o X
P 140 153
130& 7725
120 5 10 15 20 25 30 35°°

Time (s)
Fig. 3-23. Variations of speed andakiscurrent during transition from field weakening region to
constant torque region.

The referencegoltage amplitude and-axis currentinder the same operation conditions
asFig. 3-23 are shown irFig. 3-24. FromFig. 3-24, it can be seen that before the motor
enters the constant torque region, the voltage amplitude is kept at the maximum voltage
limit, i.e., the motor operates on the VCMTPA point. However, rwhetor enters
constant torqueegion, i.e., thal-axis current becomes constatite voltage amplitude
decreases as thpeed decreases. A smooth tréinsi from the field weakening region to
the constant torque region can be observed.

— Reference voltage amplitude (V85
80 —d-axis current (A) o5 =
S | | 15 &
7 £
" >
g 1-5 .%
60 155

1-25

% 5 10 15 20 25 30 °°

Time (S)
Fig. 3-24. Rderencevoltage amplitude and-axis currentluring transition from field weakening
region to constant torque region.

A similar test was performed when the |

was increased from 1550 r/min to 1720 r/min. Thor speed andneasured -@xis
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current response ashown inFig. 3-25. When the speed is below 1630 r/min, the motor
operates in the constant torque region and taeisicurrent is kept constant as the speed
increases. The amplitude of theaxlis current begins timcreag when the motor enters
the field weakening region.

190 : [ :
— Speed (r/min) {135
180 d-axis current (A)>g =
= 170 I NS
= - 115 €
e oy c
e " o
3 150 1.5 @
& 3
1400 1-15 5
130 125
12 -
0 5 10 15 20 25 30 3
Time (s)

Fig. 3-25. Variations of speed andakis current during transition from constant torque region to fi
weakening region.

The referenceoltage amplitude andraxis currentinder the same operation conditions
asFig. 3-25 are shown irfFig. 3-26. FromFig. 3-26, it can be seen that before the motor
enters the field weakening regi, the daxis current isconstant whilethe voltage
increases as the speed increases. However, when meisr thietfield weakening regipn
the voltage amplitude is kept at the maximum voltagelidmde. Again, a smooth

transtion from the constant torguregionto field weakening regionan be observed.

— Reference voltage amplitude (\5
80 :

d-axis current (A) 25 <
S 15 €
E 1-5 £
©
60 7-15 5

1-25

°% 5 10 15 20 25 30 >0

Time (S)

Fig. 3-26. Referenceyoltage amplitude and motor speed during transition from constant torque r
to field weakening region.
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3.3.4.2Performance of theroposed Control Scheme in Deep Field Weakening Region

50 r r r

45 Reference torque @®h)H-10

40 d-axis current (A) i <
§ 30 S
P 25 ( 50 5
=) ZC (&)
o )
S 15 -70 '%
= om— hi3

5 4-90

0

O 5 10 15 20 25 30 3510

Time (S)
Fig. 3-27. Measured ehxis current andeferenceorque when reference torque steps fromN1A m
1I5NAm at 3000 r/ min.

In the field weakening region, the fast dynamic response of the reference flux amplitude
can be achieved b{i-22) directly, and the errors in and flux observer can be
compensated bg automatically.Fig. 3-27 shows the measuredaxis current and
reference torque when the referencgtare st eps from 20 NAmMm to
(more than two times the base speed). As shovigirB-27, the fast responsa the d
axis current cabe observed.

The reference voltage amplitude and reference torque under the same operation
conditions a$ig. 3-27 are shown irig. 3-28. As can be seen, the reference voltage from
the proposed control is essentially equal to the maximum voltage even during the
reference torquehange, which illustrates that the motor is controlled on the VCMTPA
point. The small error between the reference voltage and the maximum voltage is due to

the combination effect of the flux observer error and voltage drop in the inverter.
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Fig. 3-28. Reference voltage amplitude and reference torque when reference torque stepsNrénm
3000 r/ min

The comparison between reference torque and measured torque when the reference
from 20 NAmMmM FRgo322 The NAm

to25NAm at

torqgue 1increased

at

measured torque response is fast and the gap between the reference and measured torques

is due to the flux observer erraron lossand the frictional torque of the motor.
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Fig. 3-29. Comparisorbetween reference torque and measured torque when reference torq
increased from 20! A ta 25N A at 3000r/min.

3.4 Summary

The proposed virtual signal injection based direct flux vector control scheme provides
a parameter independent and observer error insensitive method to achieve accurate
control of IPMSM drives in the-f frame. Because high frequency signal is injected

virtually, the proposed method does not cause any additional iron/copper loss and is very
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robust to voltage and current harmonics. The proposed method also avoids any torque or
speed ripple and resonant problems caused by current ripple associated witinatal s
injection. Because the signal injection is based-cand gaxis quantities, the proposed
control scheme is not affected by the observer's error in tracking optimal efficiency
operation points. Moreover, in order to achieve accurate voltage cahMiE A control
in field weakening region, a voltage feedback loop is incorporated into the proposed
virtual signal injection based direct flux vector control.

Both simulation results and experiment results demonstrate that the proposed method
can tracklie MTPA points in constant torque region and voltage constraint MTPA points

in field weakening region accurately and automatically.
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CHAPTER 4 Self-learning Control Based

on Virtual Signal Injection

4.1 Introduction

In Chapter 2 and Chapter 3, virtual signal injection control schemes basi@ on
principle of extremum seeking control (ES{30] were proposed to control MiSM
drives inthe dqg frame and the-f frame, respectivelyThese control schemes are not
affected by parameter uncertainty and lead to relatively accurate MTPA operations.
However, similar to all search algorithm based control schemes, they stillfsoiffiethe
slow dynamic response as it takes time for the search based schemes to converge to
MTPA operating points.

In order to increase the dynamic response of the sesgurithm based control
schemes,n [101] fuzzy logic is utilized to increase the converging rate of the search
algorithms. The output of the fuzzy logic controller in steady state is the change in
reference ebxis current and the inputs are the output of the fuzzy logic controller in the
previous step and the change in power loss. Although the fuzzy logtoolter can
increase convergencate, the control scheme is sensitive to current and voltage
harmonics and causes torque ripple as a resutaafgdcurrent perturbation.

Another potential solubn for improving the convergencete is to equip these
controllers with seHearning or intelligence Artificial intelligence based on neural
network and fuzzy logic may serve this purpose. However, neural network or fuzzy logic
based cotmol schemes in literaturgd02]i [110] are primarily concerned with speed or
position tracking rather than MTPA operations

On the other hand, if MTPA points can be tracked by parameter indep&dent
control schemes accurately, the tracked MTPA points can be utilized to improve the
accuracy and dynamic response of the generations of the optimal refewensedrrent
or reference flux amplitude through -tine training. However, study of seagsbk
integration of odine training with signal injection based control for MTPA operations

have not been reported to date.
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In this chaper, novel curve fitting based sd#arning control(SLC) schemes are
proposed for control of IPMSM drives in thegdrame and-t frame employing virtual
signal injection for MTPA and field weakening operations. The training data of the self
learning cantrols are based on the virtual signal injection control described in Chapter 2
and Chapter 3 as it tracks the MTPA points with high precision and is robust to voltage
and current harmonics. The virtual signal injection control is utilized to generate the
optimal reference-axis current or optimal reference flux amplitude for MTPA operation
and the proposed SLC schemes are traineltherby the tracked MTPA points. After a
period of online training, the SLC generates the optimal referenegisl currentor
optimal reference flux amplitude for MTPA operation with fast response. In this way, the
proposed control scheme not only retains the advantages of virtual signal injection control,
such as parameter independence, high accuracy in tracking the MTP®&, @md
robushesdo voltage and current harmonics but also has a fast dynamic response. Further
the online training of the SLC does not affect the MTPA or field weakening operations
of the IPMSM drive.

4.2 Self-learning Control in d-q Frame

4.2. 1MTPA d-axis Current Generation

The MTPA daxis current generation of the proposed control scheme is achieved by
virtual signal injection. The principle and implementation of virtual signal injection
control has been described in Chapter 2 and Chapter 3. Accordimyimys discussions,
the information of "Yj1 T can be extracted from signal processing block as shokig.in
2-5. The lowpass filter output, defined as sign&FO, is proportional td "YjT I. As
proposed in Chapter 2, in thegdrame, the optimal-dxis current for MTPA operation
can be adjustedybsignal LPFO through an integral regulator urtifyjT t 71 The
LPFOsignal can also be utilized to indicate MTPA operation for a given torque command.
If the absolute value of sign&lPFO is close to zero, the motor can be considered
operating closeotthe MTPA point. Therefore, signePFO can be defined as a MTPA

guality indicator. When the motor is running on the MTPA point, the corresponding
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reference ebxis current and reference tosqwill be recorded as a tracked MTPA point
on the MTPA trajector shown inFig. 4-1.
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Fig.4-1. daxis current vs. torque for MTPA operation.

-90

It should be noted that MTPA operation is only valid in steady state sense. Thus, the
LPFO signal is masked during- énd gaxis current transients for a small period of 3

times of the current loop time constant.
4.2.2Principle of Proposed SeHearning Control Scheme

Fig. 4-1 shows the relationship between reference torque and corresponding optimal d
axis current for MTPA operation. For a given reference torque there is a unique optimal
d-axis current for MTPA opation. If a sufficient number of MTPA points on the curve,

a to g in Fig. 4-1, are known, other points on the curve can be approximated by
interpolatons among these known points. The proposedisathing control scheme is
based on this idea.

As shown inFig. 4-1, in order to have an even dibtrtion of recorded MTPA points,
the applicable reference torque range of a machine is dividecd Beotions and each
section records one tracked MTPA point. By way of example, seven sections are shown
in Fig. 4-1. The referencéorques and their corresponding-akis currents of tracked

MTPA points are recorded as column vectprs andi . If a new MTPA point is
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identified in sectionm, the m" element off andi will be replaced by the
corresponding value of the new MTPA point. This process repeats during the SLC
operation.

Since MTPA points on the curve can be tracked by virtual signal injection control
accurately, the training process is performed under virtual signal injection operation. The
schematic of the proposed skdarning control scheme shown inFig. 4-2.

1, Le D (T,i)°S
:_ MTPq ——> 1+%dl \\ k T* -
: \ { ( e ld )
. . N\t .
i ; Lip 1po Y 2N Lasrc
| dMTPA —7| (Te :ldch) \
| 4 N
1 1 f
:______:__T* 5 (\T ¢ )
e Self-learning control 2042

Fig. 4-2 Schematic of the proposed skdfrning control scheme.

Each newly tracked MTPA-dxis current (Q ) by virtual signal injection control
and the corresponding reference torqié ( ) are recorded in the column vectors
i andf , respectively The two vectors which form the MTPA curve are
updated continuouslyy tracked MTPA points obtained from the virtual signal injection.
The recorded data can be used to generate referemds durrent instantly. For a given
torque demandy, the corresponding-dxis current at the MTPA poilktin Fig. 4-2 can

be approximated bk dhrough linear interpolation between the two adjacent MTPA

points recorded in andi , i.e., pointe andf in Fig. 4-2, according tq4-1).
Q Y Y N 0 (4-1)
Y Y
where"YAT "X are the reference torques efand f infj , respectively, and
QAT R are the recordedptimal d-axis currents of andf in i . Q is the

output of the selfearning control.
Once the control scheme is fully trained, the output of SOC () should approximate
the optimal daxis current of MTPA operation. If the number of sections is sufficient, the

error between the MTPA-dxis current and the SLC output will be very small. The final
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reference ehxis current will be a combination @ and an error compensation

component3Q, generated from the virtual signal injection control.

4.2.3Implementation of the Selflearning Control in d-q Frame

The schematic ofhe proposed selearning control scheme for MTPA operation is
shown inFig. 4-3. It consistsof conventional PI current control loops for tracking the
reference ebxis and epxis currents, a virtual signal injection (VSI) processing unit, and
a seltlearning controller. The output of the VSI processing unit is fed to an itbegra
The reference-axis current;®, is the sum of the SLC outpl® , and the integrated

output.

Proposed self-learning control scheme

I
I

I

I

I T

I = Self-learning control (SLC) 1 V.SI .
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Fig. 4-3. Schematic of proposed sddfarning MTPA control for IPMSM drives.

The flowchartof the proposed seléarning control is illustrateth Fig. 4-4. Before
training, i andi are zero vectors initially, or they magontain the data
associated with the MTPA curve generatedlioi using nominal motor parameters. To
make useof as much available stored or trained data as possible for fast response, the
following process is adopted. If a torque demaidin Fig. 4-3, is larger than the

maximum value in vectdj  , i.e., thel A @ in Fig. 4-4, the output’Q , of
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the selflearning control will be limited to the element in vecior which
corresponds to thie A @ . If "Yis located between two elementsipf , as
shown inFig. 4-2, Q  can be obtained through linear interpolation of the two recorded
MTPA points according t¢4-1). Before the SLC controller is fully trained, its output
may deviate from the MTPA point by a large margin. However, any error will be adjusted
by the integrator output until the outputPFO, of the VSI processing block is
approximately zero, i.e., the MTPA operation is realiz&d.

Sincethe integrator irFig. 4-3 will accumulate value, in order to increasexds current
response, at each time when the absolute value of torque step is larger thdafmpde
threshold,{ the integrator will be reseMeanwhile’Q  will be updated according to
new reference torque based on the data recordgd in andi when the integrator
is reset. For the condition that the torque step is smaller than the threshold, because the
correspondig change irreferenced-axis current should be small too, tte  will not
update and the small error will be compensated by virtual signal injection in short time.
N andi will be updated continuously by the reference torque and resuktant d
axis current. The exact value of the predefined thresfi@dhot important, as it only
affects slightly the MTPA tracking response.

When a torque step is larger than the thresthé&O signal will be masked for a small
period of time. After this period, the virtual signal injection will drive the resultantisl
current toward the MTPA point and the  andi will be updated continuously
by the reference torque artetresultant eixis current. Since the virtual signal injection
adjusts the @xis current towards the MTPA point, the resultafaxdé current can be
considered as the optini&l and the newly recordedakis current in should
be cbser to the actual MTPA point than the previously recorded in . Therefore,
the accuracy of SLC output will continuously be improved. Moreover, a more accurate
SLC output will also accelerathe convergent rate of theaxis current to the acal
MTPA point. Therefore, although the MTPAaxis currents recorded in may
initially have large errors, they will eventually approach the ideal MTR&id currents.
Consequently, the proposed SLC can be trainelihenand the training ohe SLC will
not affect the MTPA operation.

Page [L11



Chapter 4Self-learning Control Based ovirtual Signal Injection

e N
[ Start |

< l —
Set initial
Tryrpa and igyrpa

f’/ T; ,/ l

. ,
Te R Update i ‘d
Tryrpa and igyrpa

Turpa | lamrra
W

If TS > max(Tyrpa)

Te | igsci=the element in igyrps Which is corresponding to max(Tyrpa)
" else

calculate igge;, according to (4-1)

lasiLc
* y
Te A 4
IfAT < ¢
Calculate ATy keep i45.c not change until AT,> &
reference torque else
change update i45; ¢ and reset integrator
lasrc
h 4
. . Alg mpensates error of
VSI processing unit » €0 pens bes\e]SIo 0
lasrc OY
-k
e la
]
h 4

. )
S )

Fig. 4-4. Flowchart of proposed seléarning MTPA control for IPMSM drives

The reference-gxis current irFig. 4-3 is generated fror(2-15) basel on the reference
torgue and reference -dxis current.The machine parameters employed(2nl5) can
either be the nominal machine parameters or obtained frorrulptébles as functions of
d- and gaxis currents. It shodlbe noted that if the parameterg2Al5) are inaccurate,
the gaxis current will not yield the exact reference torquel there will be torque control
error. Howeer, since the signadly in (2-12) which corrects the -dxis current is
independent from these parametéhe resultant-@xis current will be corréed by the
VSI and still ensur¢hat the motor operates on the MTPA poirds the actual torque.

The gap in the reference and actual torque can be corrected by the speed feedback loop
in a speed servo drive. For EV tractions however, the feedback correction will be
performed by a human driver. Of course, if high fidelity modehpeeters are stored in

a lookup table, the torque control accuracy can be improved.
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4.2.4Simulation Results

To verify the performance of the proposed $edfrning control scheme, simulations
were performed employinggain thehigh fidelity nonlinear IPMSV machine model
which represents the real electromagnetic behaviors of the IPMSM. The applicable
reference torque range of a machine is divided into 35 sections. The referaxise q
current was calculated based (#115) and the machine parameters (215) were
obtained from predefined loakp tables as functions of éhd ¢ axis currents. The torque
stepthreshold) i n this chapter §fs ahdifi naedettws 2

Zero.

4.2.4.1Reference Torque Step Larger Than the Threshold

Fig. 4-5 shows thevariations of the resultant torque and refereneexid current
together with the SLC output when the torque varied betwee%Nd 68 Mn in steps

periodically.
1‘2" Resultant torque (&) 138
10 — Reference d-axis current (4 00%
—~ 80 ——SLC output H80 =
€ 60 ‘ 60
o 40 40 5
g 20 20 o
o 0 0 X
= Nl 1 ®
-20 -20 &
40 N 1 40
s L
0 10 20 30 40 50 60 70

Time (S)
Fig. 4-5. Variations of resultant torque, refereneaxis current and output of SLC.

When t<35 s, the SLC is not trained and its output is equal to the referexie d
current recorded in corresponding to the maximum reference torqug in
through each torque step. The error between actual M¥&dsccurrent for the reference
torque”Y and the SLC output is compensated by the virtual signal injection control, albeit
its respons is slow. However, when the proposed-gedirning control scheme is trained,
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i.e., when t>35 s, the SLC output approximates the actual MFB&Asdcurrent and the
approximation error is small. This error is still compensated by the virtual signalonjecti
control in short time. The speed of tracking response of the proposed control has been

significantly increased.
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Fig. 4-6. Signal processing block output and refereneid current generation.

The simulation results of th&gnal processing block outpwtPFO, SLC outputand
reference ebxis currengenerated from the proposed dekirning control scheme under
the same operating conditionskg. 4-5 are shown irFig. 4-6. It can be seen frofig.

4-6, before the proposed sddfarningcontrol scheme is trained, i.e., t<35 s, at each
reference torque step, the output of the signal processing, hBEK), is initially large

and then onvergas to zero gradually. This is because the large error of untrained SLC
output and the tracking of the MTPA referencexis currents bythe virtual signal
injection haverelatively slow converging rate. After the proposed-kdfning control
schemeéhas been trained, the output of the signal processing block becomes small and the
d-axis reference current responds quickly to the torque change. MoreB¥&,always
converges to zero, which implies that thexds current converges to the MTPA pointlan

the training of the proposed sédfarning control scheme baken the virtual signal
injection control is accurate.

The resultant torque and refereneaxis current under the same operation condition of
Fig. 4-5 are shown inFig. 4-7. When t<35 s, the SLC is not fully trained and large
overshoots in referenceaxis current can be observed. This is due to the inaccurate SLC

output. However, after training, t>35 s, the ®hots in the referenceaxis current are
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eliminated and the response of the proposed control schesiéeen significantly

improved

T T T — T 270
13 Resultant torque (&h) 30
10 — Reference g-axis current (93 z
_ | 1190=
:é 70 } GC.)
éf 40 1150 %
-20 - 170 &
-50 —— 130
8% 10 20 30 40 s0 60 707
Time (s)

Fig. 4-7. The simulation result of resultant torque and referermasjcurrent.

4.2.4.2Automati@l Adapation to Machine Parameter Change

Simulations were also performed with significant change in the permanent magnet flux.
At t=70 s, the permanent magnet (PM) flux linkage in the machine model is reduced to
80 percent of its original value while the parameter$2ii5) used to compute the
reference epxis current were not changed. This may represent the combined effect of
temperature increase and partial demagnetization of the machine. The chandg&Mn the
flux linkage caused the new MTPA points to deviate from the original MTPA points
obtained in the previous traininglowever the virtual signal injection compensated the
deviations. Meanwhilg) andi are updated according to newlyeidified
MTPA points.

It can be seen frorkig. 4-8 that in the first cycle after the parameter changed (from
t=70 s to t=105 s), the referencaxis current is obtained from the sum of the SLC output
and virtual signal injection with relay slow response. During this period, the proposed
SLC was trained by the newly tracked MTPA refereneigd currents.

In the second cycle after the machine parameter changed ( t>105 s), the proposed SLC
has adapted itself to the new machine paramatetghe output of the SLC reaches the
MTPA reference éhxis current tracked by the virtual signal injection of the new operation

condition with fast response. The training of the SLC does not affect MTPA operation of

Page [L115



Chapter 4Self-learning Control Based ovirtual Signal Injection

the IPMSM drive, albeit the torque coolt error increases due to inaccurate machine
parameters i2-15).
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Fig. 4-8. SLC behavior after machip@arameter changes.
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Fig. 4-9. The simulation result dfPFO, reference €xis current generation and SLC output aftel
machine parameter changes.

The simulation results of theLC output,signal processing block output, i.eRFO,
and reference-dxis current generated from the proposed-tfning control scheme
under the same operating condition&@s 4-8 are shown irig. 4-9. It can be seen from
Fig.4-9thatbefore the machine parametecl&nged, i.e., t<70 s, at each reference torque
step, the output of the signal processing block is almost zero. This is because the SLC
outputis closeto the actual MTPA @xis currents. However, in the first cycle after the
machine parameterhanged (from t=70 s to t=105 s), at each reference torque step, the
output of the signal processing block is initially large and dugvergeso zero gradally.
This is due to the large error between the actual MTPA points corresponding to the new
machine parameters and the SLC output based on the previous training. After t=105 s, the

proposed SLC has adapted itself to the new machine parameters andotheobtie
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signal processing block becomes small and theisl reference current respenguickly
to the torque change.

The simulation results of the reference torque, resuttangue and €pxis current
responses under the same operating conditioRgaé-8 are shown irFig. 4-10. Due to
the chage in the PM flux linkage, thetque error becomes significant

r r = 270
13 Resultant torque (&h) H
_ - 1230
10 Reference torque (@h) i <
§ 20 ——Reference g-axis current (A)90 =
H c
o 40 il e ﬂlsog
4,_1 L
> 107f ™ 1110 ¢
o Mm x
~ 20 ] 0 &
. L] =
50— —_— ——— 130
80740 60 80 100 120 146°
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Fig.4-10. Simulation results of reference torque, resultant torque as webugs qurrent.
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Fig.4-11. Constant current amplitude laid the control performance of the proposed control sck
with inaccurate epxis current.

Fig. 4-11 illustrates constant current loci of the two current amplitudekich
correspondo the original and reducelM flux linkages respectively The simulation
results obtained from the originBM flux linkage and reduced PM flux linkage for the
reference tor gue o fFig.4-5L ItNak tve saen foffig. B-Elthats h o wr

although the machine parameter(2115) was not accurate and the resultant torque was
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not equal to the reference torque, the proposed control scheme can still track the MTPA

point accurately.

4.2.4.3Reference Torque StepSmalletthanthe Threshold

Fig. 4-12 shows the simulation resshivhen the reference torque step is smaller than
the threshold. As shown iaig. 4-12, when t<35 s, the proposed control scheme is not
trained, and the reference torque is slowly increased with mZNradient. Under this
condition, the integrator ifig. 4-3 will not be reset an@  will not be updated. The
reference ehxis current is generated from the combinationiriial ‘Q and the
integrator output based on virtual signal injection. ldeer, i andi are
updated regularly and the proposed control seh&nstill trained. When t>35 the
reference tafue st eps are | ar the optimalhdaxis cuent NsSA m;

approximated by SLC directly with fast response.

%g Resultant torque (&h) %28
14 Reference torque (@h) 1140 ~
12 - i 1320
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O mmm————————— 0 §
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-40 L -40
80 . L5
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Fig.4-12. Reference torque slowly changes.

The simulation results of the integrator outputference €hxis currentand the
reference torque under the same operating conditidrigia&12 are shown irFig. 4-13.
As can be sen, when t<35%, the proposed control scheme is not trained and the error

between the optimal-dxis current andQ is compensated by the VSIC integrator

hence

output,3'Q, inFig.4-3. Aftert=35s, t he reference torque steps a

optimal daxis current is approximated by SLC output directly with fast response and the
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output of the integrator doseto zero, which indicates the SLC output approximates the
actual MTPA daxis current accurately.

E — Reference torque (@h) 1‘2"8
10 — Reference d-axis current (A 0%
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Fig.4-13. Integrator output when reference torque changes slowly.

4.2.4.4Reference Torque Fast Changes
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Fig.4-14. Reference torque fast changes.

Simulations were also performed for the operating condition when the reference torque
changes rapidly. As shown Fig. 4-14, the reference torque steps between 20 Bhd
40 NAn in every 2 s. Before the proposed control scheme is fully trained, i.e., t<6 s, the
virtual signal injection drives the-akis currentoward the MTPA ehxis current and the
corresponding reference torque andxis current are recorded ip andi ,
respectively. At each torque step, the integrator is ;reseanwhile the SLC output is
updated based on the data reearthiy andi , Simultaneously. As can be seen

in Fig. 4-14, the accuracy of the SLC output continuously improves and eventually
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becomesequal to the optimal values. Ttrackingspeedf the proposed control has been
significantly increased when the SLC is fully trained.

The simulated integrator output and reference torque under the same operating
conditions asig. 4-14 are shown irFig. 4-15. When t<6 sthe proposed control scheme
is not fully trained and the output of the integrator is reltilagge. The referenceakis
current is generated from the combination of the integrator output and the SLC output.
After t=6 s, the proposed control schemeui$yftrained and the referenceaxis current

is approximated by SLC output directly with fast response while the integrator output
approximates to zero.
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Fig.4-15. Integrator output when referenoeque changes fast.

4.2 .5Experimental Results

To verify the proposed seléarning control scheme, experiments were performed on
the IPMSM drive whose specification is given ifable 2-1. The test rig for the
experiments is shown iig. 2-10. The applicable reference torque range of the machine
was divided into 35 sections as those in the simulations.

4.2.5.1MTPA Points Tracking Performance

The proposed SLC has been implemented wighsiame training process as described

in section4.2.4.1 The MTPA points tracking performancessieady state are illustrated
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in Fig. 4-16. As shown inFig. 4-16, the payload torque s 1 ncr eased fr om
NAm i mfsthe®NsAm at 1000 To

variation with current angle when the current amplitude is kept constant is measured for

r/ min. deter min
each payload torque. The actual MTPA points are obtained through curve fitting of the
measuredorque data and they are representellign 4-16 by squares. Meanwhile, the

MTPA points are also tracked by the proposedlselfring control schem and they are
indeedtracked by the virtual signal injection control scheme through the training.-The g
axis currents were generated accordin@t5). The MTPA points tracked by the virtual

signal injection based SLC are represented by circles.

70 B MTPA point H
60 O SLC result |
- Test point
=§ 50 — Constant current amplitude locus
e
=] N B e T
|9 30 o817 /\(: 5 —=8
oo OB o
20 A T -
10 - NS -
-60 -50 -40 -30 -20 -10 0

d-axis current (A)
Fig.4-16. Experimental result of the MTPtacking performance at 1000 r/min

Table4-1
Comparisorbetween RsultantTorque ofVSIC based SL@ndTorque of MTPAPointsat 1000r/min

Torque generated

Reference Current amplitude by VSIC based MTPA torque Torqueerror

torque e

10N A m 17.26 A 985N A mM 986N A m 0.10%
15N A m 25.67 A 1474N A m 1477N A m 0.20%
20NAm 34.0A 1960N A m 1964N A m 0.20%
25N A m 4228 A 2443N A m 2447N A m 0.16%
30NAm 50.% A 2925N A m 2927NA m 0.07%
35NAm 58.87 A 3402NA m 3404NAm 0.06%
40N A m 67.10A 3872NA m 3872NAm 0.00%
45N A m 75.47 A 4342N A m 4342N A m 0.00%

Table 4-1 compares the resultant torques of the virtual signal injection based self

learning control and the measured torques at the MTPA points. It can be seéfgirom

4-16 andTable4-1 that the proposed sdiarning control can always track the MTPA

points with high accuracy and the torque errors between the measured MTPA points and

the tracked MTPA points are less tha@%. It is also evident that the measured output

Page [L21



Chapter 4Self-learning Control Based ovirtual Signal Injection

torque under the proposed control scheme is slightly lower than the reference torque. This
is because the parameter$drl5) may benot accurate and the presence of friction torque

in the real machine reduces the net output torque.

4.2.5.2Performance of Proposed Control Scheme during Payload Torque Changes

To validate the performance of the proposed-lealfning control schrae during
payload torque changes, the proposed control scheme was firstly tested with reference
torque variations from O Ah to 35 Nl in steps of 5 Bn at 1000 r/min. The proposed
scheme was trained during this process. Subsequently, the referenceves gieereased
from 35 N to O N in steps of 5 Win and théQ was generated from the tracked
MTPA points which were recorded in andi . Finally, the reference torque
was increased from 344 to 28 NI in steps of 5 Min at 1000/min so that the references
did not coincide with the training data in order to vateithe SLC performance at the
operation conditions which the drive had not experienced previously.

Fig. 4-17 shows the measuredaxis current together with measured and estimated
torques when the reference torque is stepped fromA&0tdN35 N in steps of 5 Mn
and back to 20 A in the same steps. The estimated torque is based on the high fidelity

machine model and measuredadd gaxis currents.
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Fig. 4-17. d-axis current and measured/estimated torque response to tomueand stepfrom 20
NAn to 35 Nin then stepback to 20 Mn.

As shown inFig. 4-17, when reference torque steps from 2&No 30 N during the
time t<60 s, the SLC has not been trained at 20 téference torque but has been trained

at the 25 Mn reference torqueThe ouput of the SLC is equal to the element in
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which corresponds to the maximum reference torque in , e.g., the MTPA ehxis
current of 25 Mn. The error between the SLC output and the MTPaxid current for
30 N reference torque is compsated by the virtual signal injection @ilbthe daxis
current respondso the torque step slowly. Similar result can be observed when the
reference torqustepsfrom 30 Nin to 35 Nin.

When the reference torque stémsn 35 N/ to 30 N, since the SC has been trained
at 30 Nl reference torque previously, the output of the SLC approximated to the optimal
d-axis current for the MTPA operation. As shownHFig. 4-17, the speed of tracking
response of the proposed control is significantly increased and similar results can be
observed when theference torque stefrom 30 N to 25 Nin.

Fig. 4-18 shows the variations of the measured torque and the measaxeslcurrent
which correspond® the measured-axis current variations shown kig. 4-17. Before
the SLC is trained, the-gxis current always has large overshoot due to the slawisd

current response. However, after the SLC is trained, theloetris significantly redude

60 r r r r ——105
50 Estimated torque (&&h) |
— Measured torque (@h) z

~ 40 g-axis current (A) 185 =
:g, 30 J | WO E
2 / ‘ 65 3
S 20 2
o X
[ [ ‘ ®©

10 ~w J | 145 &

-1

OO 20 40 60 80 100 120 140 160 180 200 22%5

Time (s)
Fig.4-18. Themeasured/stimated torque and the measureakig current.

The signal processirigock output, SLC output and measuredxis current under the
same operation conditions lilg. 4-17 are shown irfFig. 4-19. As can be seen, the signal
processing block output always converges to zero, which means the MTPA operation can
always be guaranteed. Moreover, before the proposed control scheme is foaiead)
torque step, the signal processing block outpuitiglly large and then convergeszero
gradually. However after the proposed control scheme is trained, the output of the signal
processing block becomes small and thexid reference currémesponds quickly to the
torque change.
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Fig. 4-19. Signal processing block output, SLC output and measueedscturrent.

The reference torque was also increased fronA3 td 28 N in steys of 5 NAn at
1000 r/min during the tests. Although the SLC was not trained at these reference torques,
since they were located between trained reference torques, the SLC can still generate the
reference ebxis currents for MTPA control accurately.

Fig. 4-20illustrates the ehxis current response and the SLC output when the reference
torque steps from 23 A to 28 N after the SLC has been trained. Fréig. 4-20, a
fast daxis current response can be observed. This illustrates that the proposed SLC can
produce the MTPA @xis current even for the reference torque which it has not

experienced before.

45 T T T - T 15
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Fig. 4-20. d-axis current, SLC output and reference torque response to torque command step fi
NAn to 28 Nin.

The comparison between resultardxds currents and MTPA-dxis currents is shown

in Fig. 4-21. As shown inFig. 4-21, the errors between the MTPAadis currents and
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resultant eaxis currents are very small and the proposed control scheme achieves

accurate MTPA operation with fast response afténitrg.
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Fig.4-21. Comparison between resultaraxis current and MTPA-dxis current.

Fig. 4-22 shows thereferencetorque and measuredaxis current. Again, the fast

response of the measure@xjs current can be observed.
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Fig.4-22. The reference torque and measureig current.

Fig. 4-23 compares the measured torque and raferéorque in response to ttleange
in the reference torque at the same operating conditiéiigad-20. FromFig. 4-23, a

fast torque response can be observed.
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Fig. 4-23. Comparison between the measured torque and reference torque in response to a ste
in thereference torque.

4.3 Self-learning Control in f-t Frame

Section4.2 has proposed a novel séfarning control scheme to achieve accurate
parameter independelkTPA operation of IPMSMs with fast response in the filame.

As the optimal reference-axis currat for MTPA operation in constant torque region is
independent of speed, the relationship between optirsaiisdcurrent and reference
torque can be represented by online curve fitting as proposed in sdcioiihe
simulation results and experiment results in secti@have illustrated effectiveness of
the online curve fitting based séd#farning control scheme.

Nevertheless, in the field weakening region, the optimakid current for field
weakening operation is not only dependent on reference torque, but altoraspezd.
Therefore, the online curve fitting based delrning control in e frame is no longer
effective in field weakening region. Although an onlinglighensional surface fitting
whose input are speed and reference torque and the output is thal @kdkis current
may be possible to implement the defirning control in field weakening region, it needs
much more data than the onlinedimensional curve fitting to train the sédfarning
control while the control accuracy mdgteriorate

As degribed in Chapter 3Jirect torque control or direct flux vector control in the stator
flux linkage synchronous ) frame[20], [21], [23], [24] can also be utilizetb control
IPMSM drives. Compared with theglframe based control, thet frame based control
can regulate the stator flux amplitude directly and can manage motor voltage in field

weakening region without loelp tables of current or flux referendé5s]. Therefore, the
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f-t frame based control scheme can easily cope with voltage saturation and have better
controllahlity and performance in field weakening regi@4], [66].

In the rest of this chapter, sédfarning control for IPMSM drives is proposed based on
virtual signal injection aided direct flux vector casitin the ft frame. The proposed
control scheme achieves MTPA operation throughraselflearning in constant tque
region and directly limitsstator flux amplitude for VCMTPA operation in field
weakening. In this way, the proposed control schemeonlyt has the advantages of
virtual signal injection aided direct flux vector control such as reofessto current and
voltage harmonics, high accuracy in tracking the MTPA and VCMTPA points, no
additional iron and copper losses, but also has fast dyrmrasponses in both constant

torgue and field weakening regions.

4.3.1Relationship between Optimal Stator Flux Amplitude

and Torque
0.145 : . :

— Stator flux amplitude ‘
= 0.14 . A &
3 | : | di
[ ‘ e
= ‘ . :

E U :
<
>
=
= 0.13]
0'1250 10 20 30 40 50 60 70

Torque (N-m)
Fig. 4-24. Relationship between torque command and the optimal statdofll&TPA operation.

For a given torque command, there is a unique optimal stator flux amplitude for the
MTPA operation[77] in constant torque regionThe relationship bdeveen torque
command and the optimal stator flux amplitude for MTPA operation is showig.

4-24. If a sufficient number of MTPA points are tracked online, other points on the curve
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can be approximated by interpolations among these tracked points. The propesed self
learning control scheenis based on thisimple but effective concept.

When the motor drive is operating in the field weakening region, the stator voltage is
constrained by the maxum voltage.Fig. 3-16 shows the variations of torque and
referencevoltage amplitudes with stator flux amplitude for a given current amplitude
when the required voltage for the MTPA ogema is larger than the voltage limit. As the
flux amplitudeincreases towards the MTPA point, the resultant torquereiietence
voltage amplitudey’, will increase. Therefore, the voltage constrained maximum torque
per ampere (VCMTPA) operation is the point at which the voltage amplitude is equal to
the voltage limif77]. At the VCMTPA point, the maximum torque at the intersection is
achieved for the given current amplitualed voltage limit.

According to(1-22), the maximum flux moplitude under the voltage constraint is
parameteindependent except for the phase resistance. However, the voltage drop across
the resistance is relatively small in the field weakening region compared with the voltage
limit. Therefore, by assuming themaal value of the phase resistance at a representative
temperature, e.g., 1080, the optimal flux amplitude for VCMTPA operations can be
obtained by(1-22).

4.3.2Implementation of the Selflearning Control in f-t Frame

In order to generate accurate optimal reference flux amplitudes for MTPA and
VCMTPA control with fast response, the proposed-kfning control scheme utilizes
curve fitting to approximate the relationship between reference torque and optimal flux
amplitude in constant torque region and utiligg£2) to limit flux amplitude in field
weakening region. The details of the proposed control schembenillustrated in this

section.

4.3.2.1Combination of Virtual Signal Injection Aided Direct Flux Vector Control and

Seltlearning Control

The proposed seléarning control scheme is based on virtual signal injection aided
direct flux vector control. The virtual signal injection aided direct flux vector control

combines the direct flux vector control schef2é] and the virtual signal injection
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compensatiofi77] as described in Chapter 3. The direct flux vector control can limit the
current amplitude in thetfframe and easily cope with the voltage limit, and hence has
better performance in the fieldeakening regioi26], while the virtual sgnal injection
compersation is parameter independant insensitive to flux observer error. Therefore,
the virtual signal injection aided direct flux vector control inherently has the advantages

of both the direct flux vector control and virtual sigmgéction compensation.
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}.« © oy |00 SYPWM
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Torque limit ?‘1‘ e ] iq !
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Fig. 4-25. Schematic of the proposed skdérning control scheme irtfframe.

The schematiof the proposed seléarning control scheme intfframe is shown in
Fig. 4-25and tke overall flowchart of the proposed control scheme is showigi-28.
As it is shown inFig. 4-25, the flux amplitude command, , is generated frornthe
proposed selfearning control scheme which will be described in details later. The output
of the selflearning control scheme is limited 3-22) to ensure IPMSM drive operates
within the voltage limit. The reference torque is limited(iy21). The taxis current is
calculated fron{1-25) and limited by(1-26) to ensurete IPMSM drive operates within
the current limit. As proposed [26], the stator flux linkage is directly regulated by the
f-axis voltage and theaxis current is regulated by thextis voltage through two PI
controllers. The flux observer in this paper is the conventional flux observer described in
Chapter 3111], [75]. However, otheobservers are also applicable.

In order to generate optimal reference flux amplitude before théesetiing controller
is fully trained and to compensate the error of thelsalining output, the referendet

amplitude, *, is conditioned by the virtual signalj@tion compensation unit as shown
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in Part Il of Fig. 4-25, whose details are shown kig. 4-26. The inputs of the virtual

signal injection compensation unit areathd gaxis reference voltag®{, 0*), measured

d- and gaxis current'Q, 'Q), measured speed ( ), referene torque Y), and voltage

error ) given in(2-17). The outputs of theirtual signal injection compensation
unit are reference flux amplitude error compensation té&tm)(

Similar to the virtual signal injection aided direct flux vector control proposed in
Chapter 3, the output of the lepass filter (LPF) irFig. 4-26, LPFO, is proportionato
T7YjT 1. Inthis way, the information &f'YjT T can be extracted. IfT "YjT T is present
at the input to the integral controllerking. 4-26, the output of the integral regulator will
change untl "YjT 1 T, i.e., the MTPA points is tracked. Moreover, sihé¥ T |
should be equal to zero at the MAPoints, LPFO signal can be defined as a MTPA
guality indicator. The integrator outpwd, , will be utilized to compensate tlegror in

reference flux *, as shown irFig. 4-25.

Fig. 4-26. Details of the virtual signal injection compensation unit.

In field weakening region, the stator flux amplitude should be limiteq1b32).
However, due to th error of nominal resistanae (1-22) and error in the flux observer,
the voltage saturation may still occur. To avoid the voltage saturation, the voltage error,
0 , can be fed to the integrator Fig. 4-26 instead ofLPFO to decreas® when

0 is negative, i.e., when the voltage reference is greater than the voltage limit. The
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