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ABSTRACT

Field-oriented control (FOC) is a defactandard for the higherformance control of
inverterdriven acelectric machinesFOC requires regulation of the thrpkaseac stator
winding currents within a velocity/position control lodpis usually accomlished using Pl
control in the synchronous reference frame in conjunction with appropriate reference frame
transformations for the curref@gedback signaland voltageactuation signals

In this thesis, transfer function models have been derived for a complete drive system
with FOC, and are used to compare the characteristic response of the various appkoamhges.
these transfer functiondd use of the synchronous reference framesdrann practical
considerationsln particular, all the electrical variables in this framedwquantities in the
steady state; thus, compensator bandwidtistensiblya minor concern. Analysis of the closed
loop system, however, reveals a potentidtbn cost in this approach: it imposes a bandwidth
limitation on the velocity/position control loop.

A set of Simulink models for drive system components has also been developed to
investigate the large signed, nlimear response of these systems wiffedént controllers. The

Simulink models also permit selective modeling of+aealities such as blanking time.
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Chapter 1

Introduction

1.1 Motivation

Permanent magnet synchronanaching(PMSM) drivesarewidely used irindustrial
applications, ranging from general purpose pamg conveyodrives to highperformance
machine toohndrobotic drives They are also the mosbimmon type ofirive used in electric
and hybridelectricvehicles. Among the attributeshat make PMSM drives attractive in these
applicationsareahigh torque densitya high efficiency, andihigh degree of controllability. The
first two attributesstem from the construction of the PMSM using hégitergy permanent
magnetdo produce the rotanagnetidlux. The last attribute stems from thge of a threphase
inverter(dc-to-ac converterjor driving the stator windings of thenachineand the usef
resolvers or encodefar rotor position feedback

Various control schemes are possilolePMSM drivesystems The two most common
arereferred to aBrushlesDC Motor (BDCM) controlandField-OrientedControl (FOC).

BDCM control also referred tosaElectronically Commutated Motor (EQMontrol wasthe first
schemeandit is the gmplest It involvesswitching the respective phases of the inverter based
solely ontherotor positioni hencethere is a similarityo the mechanical commutation process in
conventionablc machine but withoutan actuatommutator anéhrushes The price for the
simplicity of BDCM mode is that theorqueangle between thetor permanent magnet flulend

the stator winding flux is ndixed, so the torque developed by the machine cannot be controlled

directly, asthe torquanvolves the product of the sine thie torqueangle and the magnitude of



the stator winding flux. The magnitude of the stator winding ¢ax be controlled, if
magnitude of the phase voltages provided by the inverter can be, @aribdough pulse width
modulation(PWM) of the inverter switching Such control of the magnitude of the stator flux but
not its angle is sometimes referred to as scalar contoohimadistinction to ectorcontrol or
FOC, in which both the magnitude and angle of the stator flux are conttliéd

For FOC which is thecontrol scheme@sed inhigh-performancepplicationsthe overall
drive system controller is implementading a nested loop structure in which the outer loop is for
velocity contro] and the inner loop is for thrgghase current controlFrom the standpoint of the
velocity controller, theinverterPMSM combinationis treated as a nearly ideal torque source,
with the velocity controller providing reference torquiatis merelyscaledand augmented with
azeroto produce a reference curremictorfor theinnercurrent controloop. The threephase
current controller is more complicatdzbcaus®ne or moe reference frame transformations
must be used in order to calculateful errorand actuabn signak. More specifically, the
reference current vector is constant in the steady state while the componentsedbaek
current vector vary sinusaitly at a frequency corresponding to the rotor velocity

Early in the development 6fOCsystems (circa 1990), miarontrollerclock speed
limitations led tathe selection of secalled synchronous reference frapreportional plus integral
(PI) control, in whit the feedback current vector was transformed int@ynehronous reference
frame wherein the vectids constant in the steady state. With tiggerence framé&ansformation
performed byanapplication specific integrated circASIC), only Pl controinvolving low-
frequency signal needed to be implementedtbe microcontroller, whileaninverse
transformation and sinusoidal PWM required for the actuation signals to the inverger
handled by another ASICAs microcontroller capabilities increased, the reference frame
transformations anBWM functionswere brought into the microcontrollelhus,the

synchronous reference frame Pl contdhemecame to kb used widely
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As the performancebjectivesfor drive systems increased, the frequency of the variables
associated with thgynchronous reference frarBécontroller also increased. Thiil not pose a
significantproblemwith respect to thenicrocontroller because microcontrolleapabilities
increaseatoncurrently Eventually, however, it was observed ttie current control loop had an
upperfrequency obandwidth limit notrelated tchardwarebut tothe control scheme itséff. A
stationary reference frame proportional control scheme was sedgesnalternative.

The purpose of this thesis isanalyze the bandwidiimitation of severaturrent control
schemes and the impact of such limitations on the performance of the velocity control loop in
PMSM drive systemsParticular attention is gén to stationary reference frame proportional

control and to synchronous reference Pl control.

1.2 Contribution

This thesigrovidesa comparison afeverakthreephase current contresthemes usedd
permanent magnet synchronaunachine drive systemd&'he comparison is madirough
derivation andanalysisof closedloop transfer functionandthroughsimulationin Simulink
Current control in a threphaseRL circuitis considered initially. The impact of tharrent
control loop on the velocity comtloop of the PMSM drive system is then considered.

A seconcdcontributionof this projectis the creation of a simulation test bed to facilitate
investigating thaffectof nonridealities in PMSM drive systems. For examtilae delaysand

dead time inhie actuation signals to the inverter.



1.3 Organization

The thesis i®rganized in five chapter Chapter Zrovidesa briefoverview ofPMSM
drive systems and mathematical medet the PMSMandthree-phasanverter Chapter 3
provides an analysis tifireephasecurrentcontrolin an RL circuit for severadifferentcontrol
schemesincluding stationary reference frampeportional contrgland synchronous reference
framePI cortrol with and without electrical motive force (EMEdmpensationChapter 4
provides an analysis tiie effect of the various threeurrentcontrol schemesn thevelocity
control loopof the PMSM drive systemChapter5 concludes the thesis and provides

recommendations for futuseork.



Chapter 2

Permanent Magnet Synchronous Machine Drive Systems

This chapter provides a description of a typical permanent magnet synchronous machine
(PMSM) drive system and its kepmponents. Such a syst&sra closedoop system in which a
digital controller is used for both velocity control (outer loop) and current control (inner loop).
Historically, the implementation of the current control loop was a critical problem due to
limitations imposed by the giital controller and power electronics hardware. Those limitations
are described in this chapter. With pres#ay availability of faster controller and power
hardware, the original limitations have become isg®rtant so that it is now the control

algorithm itself that imposes limitations. That is the topic of the next chapter

2.1 PMSM Drive System

A typical PMSM drive system is comprised of three major components: the PMSM itself,
an inverterand a digital controller that may be a microcontratleFPGA. The PMSM is
connected to a mechanical system via a shgitencoder or resolver mounted on the shaft
provides feedback ohe PMSM rotorpositionand velocity A toplevel block diagram of the
system is shown in Figure whereinthe nestedcontrol loop structure is evident.

The velocity control or outer loop is similar to that of a conventional dc machine drive

system operated under currendde control. In particular, a velocity error determined by

subtracting the velocity feedback signgl from a reference velocityl/: is acted on by a
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compensator or controller that produces a reference currentiélqnalh the case of the PMSM

drive system, the reference current sigeavector comprised of the stalled rotor reference
frame d and gaxis components of the thrplase ac stator currdpf, .. Details about the rotor

reference frame are provided in the next section on the PMSM andtitematal model. For

now, however, we note that the electromagnetic torque developed by a PMSM is proportional to

r*

the qaxis (2% component of sdq @nd that under steady state conditid)i@§ is constant, while

| pcvaries at a frequency corresponding to the rotor velagityi the rotor position feedback

sabc

signal g, , which has ratey , is used in one or more reference framadfarmations t@account

r*

for thefrequencydifference betweemg,, andi ...
\Qus TM

Digital Controllet

. T3 Y Y

w Irqu q Vsane Te w
(0 —| e > oo > inete > os (U e |
_ A A A .

Isabc qr

Figure2-1. Top-level block diagram of a typical PMSM driggstem
The current controller can be implemented in a variety of Ways almostall of these,

the output of the current controller is a vector of pulse width modulated (PWM) gating sjgnals

that is sent to the thrgehase inverter that is comprised of transistors operated as switches. The

inverter synthesizes thrgdhase acoltage v_, . from a dc bus voltag¥,

bus

based on the gating

sabc

signals. Details about the inverter and its operation are presented in Section 2.3. For now,

however, we note two important points. First, theredsrdrol effort limit imposed by, ., as


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Kazmierkowski,%20M.P..QT.&searchWithin=p_Author_Ids:37277992200&newsearch=true

the amplitude of the sinusoidal component of each entry,gf at frequencyw, can never

exceed/, /\/é. Second, there is bandith limit imposed by a combination of the maximum

bus
switching frequency of the transistors and the related pulse width modulation process.

Because the current loop bandwidth limit stems from the combination oflanean
switching process in the invertendha related discretéme modulation process in the digital
controller, it is not manifest as the familiar-8B or 48dB roll-off in the frequency response of a
continuoustime compensator. Instead, it is related to the minimum time necessary to gagorm
control algorithm calculationisthe bandwidth limit is lower foa low microprocessor clock
frequencyand fora complicated contralgorithm.

For early generation PMSM drives (circa. 1990), low microprocessor clock frequencies
dictated implementation of the current controller in the rotor (or synchronous) reference frame

wherein all variables of interest are dc in the steady state. Referameetfansformations and
modulators associated with the -frequency variables were implemented in specialized analog

or mixedsignal hardware. With the advent of faster microprocessors, all tasks could be moved
into the microcontriter. But this is not necessarily the best solution. As discussed in the next
chapter, synchronous reference frame PI control imposes a bandwidth limitation of its own.

Implementing the current controller in the stationary reference frame whereiniatles of

interest vary at frequency, may make more sense.

2.2 Permanent Magnet Synchronous Machine

In this section, the PMSM is described in terms of its physical design and a mathematical

model suitable for analyzing a PMSM drisystem.



2.2.1 Structure and Types of Permanent Magnet Synchronoldachines

The PMSM is a rotating electric machitmatincludes a thre@haseacstator like that of
an induction rachine or conventional synchronous machinie field flux is producedyb
permanent magnets that are bonded to the surface of the rotor or embedded within the rotor as
shown in Figures-2 and 23, respectively. The former type is referred to as a surface mount
permanent magnet (SMPM) synchronous machine, and the lattBsriedeto as an interior
permanent magnet (IPM) synchronous machine. Moderndrnighgypermanent magnet
producea substantial air gap magnetic flux rirakit possible taconstructmachines with high

powerto-weight ratios and efficiencies.

qaxis
qaxis

Figure2-2. SMPM. Figure2-3. IPM.

The threephase stator winding of a PMSM is driven by thpbase sinavave voltages

whose instantaneous phase is related to the rotor pagititinus, the fregency of the voltages

corresponds to the rotor velocity. This imposed synchronization requires the use of a-three

phase ddo-ac inverter, key attributes of which are provided in the next section. The stator flux
resulting from he applied stator winding voltages interacts with the field flux produced by the
rotor permanent magnets to yield an electromagnetic torque that acts on the rotor. To obtain the

best performance, the sine wave voltages should result in a stator flix38&head of the
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rotor flux. Regulating the angle between the stator and rotor flux is achieved by controlling the
threephase stator winding currents, which are rel

Faradayb6s | aw andpeoetbbel swat or fl ux by Am

2.22 Mathematical Model

Themathematical model of the PMSM that is suitable for control system analysis is
derived though application of first principles and reference frame theory. Key assumptions

underlying the modeling process are:

1 Themachine can be represented by a lumped parameter model.

1 The machine is a-gole machine. All results can be readily extendedRepale
machine by scaling positions, velocities/frequencies, and torque® loy P/2.

1 The threephase stator windingsaremusoi dal ly distributed
14 as shown in Figure-2

1 The airgap magnetic flux density produced by the rotor permanent magnets is
sinusoidally distributed.

1 The magnetic system is linear.

Figure2-4. Schematic diagram of thrgghase stator winding.
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2.2.2.1 First Rinciples Model

Sincethestatorwinding is a thregphase windingthere are three voltage equations based
on Ohmdés | aw and Faraday6s thaican be writtehinttehmsefe f | u x
the three winding currents and tteéor permanent magnet fluxlhe matrix-vector formsof

these equatiorare:

. d
= +— 2.1
Vsabc r L sabc dt o sak ( )
sabc Ls(q ) sAbc + |sr(16q (22)

where Vv, is the theephase stator voltage,,, .is the thregohase stator currents, ald,,.is

sabc sabc

the threephase stator flux linkage:

é/sa ‘@ sa é/ sa
Vsabc evsb I sabc — @ sb sabc / sb

e S e

gvsc @ sc 6/ sc

The part of the stator flux linkage due to the rotor permanent magnets is:

& cos@ )
o1, (9) = Logcos( ,g2) (23)
gcos@ +2)

where/ j,, accounts for the number of turns of the stator winding and the flux density of the rotor

permanent magnets.

Theparameter matrices in (2.1) and (2.2) are:

g 0 Og

_é )
rs_éo rs 0 gU:F! J (2-4)

0 0 r. g

e L+Ly #gcos(2,) L. Lgcos(2g £-) L. Lg ces(2g%f )
Hycos(2g 2) L, L,+Lgo0s(2,g2 )+ 1L, b, cos2 g (29

L.(g)= 3
+gc08(27, %) ks Lg€0s(2g) L, L.+, ces(2g3f |

1L
2 La
1
2

@‘ ('D\ ('D\
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where thel, and L are related to the-énd gaxis magnetizing inductancds,,and L, by

LA :%(Lmd -leq)

2.6
I—B :%(Lmd _Lm0> ( )

The electromagnetic torque cand@ressed by taking the partial derivatdfeco-energy

with respect t@, :

Te - “V\/C(I sabc’qr)

Mg
. @2.7)
_ir @l
; Zabc% L (q ) IQsabc sabc 6‘1 v(1q)r
cHa
An equation of motion for the mechanical sy
second law for rotational systems to the (actual) mechanical system:
d
J— dt r(shaft) Te(shaft) 'TM DW (shaft (2.8)
where
2
w == 2.9
r (shaft) P ( )
P
Te(shaft) = E Te (2.10)

The parameterd and D in (2.8) arethe combined rotational inertias of the machine and
loadin kg1 anda linear drag coefficient iNms/rad. The parametel is the number of

poles.

2.2.2.2Rotor Reference Frame Transformation

Thepreceding firsprinciples model is not very practical for relating electrical and

mechanical port variables due to the posHig@pendent mutual inductances in thexfinkage
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equation (2) and the torque equatig8.7). To facilitate analysis, thretor reference frame
transformation of the stator variables is used to eliminate the pedéjpendent mutual

inductances. This transformation is expressed as

fsrdcp :T(qr)f sabc (211)
wheref mayrepresenv, i, ora-and
efe
r e r
sdep = éfSq (2.12)
&fs
écosg) cos(g-%) cos{gi? )
T(g)=2gsin(g sin(,g%) sin( &) (2.13)
E 3 3 3
After transformation(2.1), (2.2), and (2.7) become
r i r [ d
Vsdq) = rg sd@ -M/'J a\'sde a'?d' sdy (214)
aI:qu) = Lr;rsd@ '9‘1:5, (215)
Te zglinjrs E(L md = m)]irLr ¢ (216)
2 a2 a
where
@0 -1 0
J= gl 0 0 (2.17)
@) 0O O
é}d O O
L,=g0 L, O (2.18)
€0 0 L
Ly =Ls toq
_ (2.19)
Lq - Lls -*Lmq
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& in
r _€
Ay = é 0 (2.20
go
The stator windings are usually connected in agnauinded wye odelta, so the zero

sequence components for all variables can be ignored.

Fromequation(2.13), we see that the electromagnetic torque is simply proportioii@l to

if ieqis zero. Thus, the current referersignal is usually of the form

s

e0
Ly = g (2.21)
sq

2.2.2.3Per-Unit Model

The perunit system is a method of expressing quantities in an electrical system (e.qg.
voltage, current, impedance, etc.) as a proportion eflefieed base quantiseBy definition, the
perunit value of a quantity is the ratio of the original quantity to its base value (which results in a

dimensionless "peunit" or "pu” value):

- Q
Qbase

whereQ,, is the petunit quantity (dimensionless or ju$iu")

Quu

Qis quantity in normal units
QuaseiS the base value of the quantity in normal ufifts
By using petunit value calculationsspecially manual onmuld be simplified1) Kilo
or Mega will not show up any more (as longhase value is high enougl®) confusion between

gualities (lineline, line-neutral) could be eliminate®) per-unit impedances of transformers are
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the same whether referred to either side of the transformer (primary or secondary) and are
independent olvinding connections (for polphase transformers), voltage level and phase shifts
Before using the parnit model, the following units are first defined below: angular

frequency, torque, power, voltage, impedance and current:

P
Woce = E % N atec (Angular frequency baje
_ PSS
Tbase ~ 'rated —E V%_:ee (Torque base
Soase base _Prated _%% n rate(;r rate (POWGI’ bas)a
1 2
Vbase( aby = ﬁv rated \Y bage jiq :\/_é \Y rat (VOItage bas)a
V2
Z =20 (Impedance baje
Soase
1 2
| basq aby = Shase base Jq Soase (Current base
3Vhasg any 3V e 00

Equation (214) 7 (2.16) become (22) i (2.24) after dividing by theappropriatebases:

Veso =T 'ssg YW ¥ s Jmiddty (2.22
Y i = X'saq ¥ lsr (2.23)
T =V lil'sq X g X i Iy oo (PU) (2:24)
2H 3 Wew =Tu T PW, (PU) (2.25
where H= % PT%aseJ Doy %M/basp
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2.2.2.4 State Spaddodel

A nontlinear state space model for the PMSM drive system can be expressed by

manipulating (2.22) and (2.25) and including an auxiliary equation to riéggttoy rsdq. The
Simulink model isshown inAppendix A.
d r —_ r i r r
EY sdq — Wbase(v sdq Tl sdq 'M{r ]QJY s)( (2-26)
d 1
dt W (puy _E(TM . B pr) (pu) (227)
d, - 2.2
aqr - %u) ( . 8)
irsdq = X_sl(Y rsdq _Y irsr) (229)

2.23 Parameters of PMSM

The PMSM parameters used in this thesis are chosen from p. Zjlwich is shown

in Table 21:

Table2-1. PMSM parameter values used throughout this thesis

J =10"kgm* D=10°N M s/ P=4 A=1
r,=1.5V L, =6.5 310° H Lq =6.5310°H / &, =8.660:
2.3 Inverter

An inverter is a switcimode power converter thabnvertsdirect curren{dc)

to alternating currentac). For applications involvinigss than approximately 1 kW, power
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MOSFETSs are frequently used as the switching devices. For the more nhumerous applications

involving more than 1 kW, IGBTSs (insulated gate bipolar transistors) are used. Switching losses

in the IGBT typically limit the witching frequency that may be used to the order of 10 kHz.
Switching is inherently a nelinear process and introduces harmonics of the output

frequency. The harmonic spectrum depends on the form of switching or pulse width modulation.

2.3.1 Single-phase Half-bridge VSI

Singlephase halbridge VSl is also known d#nverter le@, which is basic building

block for full-bridge, three phase and higher order invert&kgo capacitors in the circuit share
the same value, divide the dc voltaiﬁvdc. Two switches in the circuit (&nd S in figure

below) normally are IGBT, which could be controlled by PWM signal at gate. Since these two
switches are complementary to each other, voltage over load could beldfther- 1V, . The

composition and output voltage of singibase hatbridge VSI are shown below in Figureb2

S1 ON
S2 OFF

Var=

S1 OFF
S2 ON

Figure2-5. Schematic diagrarand output voltage of singlghasehalf-bridge VSI.
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2.3.2 Three-phaseFull-bridge VSI

The treephase fullbridge VSicanbe considered ahe combinatiorof three single
phase VShs shown ifFigure 26. For switches in the sanheg, S1 and Sfor example they
must be complement to each other (if not consider blank time). Also|¢gsser e del ayed

1 210 each other to generate thugease supply.

Sl{j Sa{] Ss_t] L,

. a \ —
|+ —
Vo= b '~ ——— 4n
L V. -
C.
<.

32{3

4 Se
o

Figure2-6. Schematic diagram ofhteephaseull -bridge voltage source inverter.

0

Compared to square wave switching, sinusoidal pulse width modulation (SPWM) is

widely used in power electronics to digitize the power so that a sequence of voltage pulses can be

generated by the on and off of the powswitches. SPWM techniques are characterized by
constant amplitude pulses with different duty cycles for each period. The width of these pulses
are modulated to obtain inverter output voltage control and to reduce its harmonic ontent
Sinusoidal pulse width modulation is the mostly used method in motor control and inverter
application™. In SPWM technique three sine waves and a high frequency triangular carrier
wave are used to generate PVgignal'®.

Digital implementation SPWM tdnique is based on classical SPWM technique with
carriers and reference sine waveform. Only difference between them is, in digital SPWM a sine
table consisting of values of sine waveform sampled at certain frequency is used. As a result

reference wave fon in digital SPWM represents a sample and hold waveform of sine wave

by
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forms. This sampling of sine waveform comes in two variants; a) Symmetrical sampling, b)
Asymmetrical sampling. In both ways a delay would be introduced in output waveform. When
the ratioof switch frequency to reference frequency is small, this delay would be significant,
causing a frequency response-affl which obeys a Besséinction!®. Considering this, carrier

wave must be in a high frequency. However, due to physical strudtoredalator, there exists a
bandwidth limitation. Considering this, reference wave must be in a low frequency, which brings

synchronous reference frame that can eliminate bandwidth limitation into life.
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Chapter 3

Current Control for Three-Phase RL Circuit

For permanent magnet synchronowschinePMSM), torque isproportional tathe
magnitude of thg-axis component of theurrent vectoandto the sine of theotor angleas long
as the eaxis component of the ment vector is zeroThe bandwidth otthe currentloop is
important because the outer velodibpp or positioAdoop dependestonit. In this chapter, we
analyzethe origin of thebandwidth limitatiorin innercurrentloop that arises with different
control schemesFor simplicity, we focus on a thrgghase RLlcircuit torepresenthe stator
winding of the PMSMn this chapter The rotor permanent magnets and the rest of the PMSM

are considered in the next chapter.

3.1 Introduction

A mechanical diagrarandstator windingdiagram for egenericroundrotorac machine
areshown in Figure 4. The stator windingill be treatedgimply as a thregohase RL circuiin

this chapter

Figure3-1. Mechanical diagram and winding diagram for the stator of a-filtaee ac machine.
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The relevant voltage equations of the RL circuit can be expressed as:

e/sa ? Rsé, 0 0 isag @Lls@Lms '% L ms %—L ms g i se

u e - u :
gvsb ) Oé Rs 0 Isbu -% %"tj— ms L Is L#ns % L- ms g_t - (3'1)
& U O@ 0 R iscg G ; ms ; L ms L Is k msH I s

Depending orthe reference frame inhich a current controlleacts the current control
schemes foa permanenmagnetsynchronousnaching(PMSM) drive can be classifigdto two
categoriesnamely, stationary frame contraf synchronous frameontrol*?. The first ongelies
onClarked sansformationwhichis can be expressed using a constant matrix, so the frequency

of the transform variables is the same as the frequency of theyaradees'. The second one

relies on Parkos tr ansf opositongi, sorthe frequericycohithed e pend s

transform variables idc in the steadgtaté'?. TechnicallyPar k6 s t r a nthdrator mat i on

reference frame, balhe PMSM, is selfsynchronous swe will use the ternsynchronous

reference frame

3.2 Stationary Reference Frame

Consideringagain thePMSM drivesystem for a momenstationary reference frame

control is shown in Figure-3.

Vbus TM
Current Regulatc 7
i it Y
. Ref F Iqu y Current q Vsabo Te + + w
> Tra:;rtlj(r:?na:?org: _>®_> Controller | Modulator > Inverter > PMSMm _>®—> Shaft e

A

A s |

| sdg sahc (24
| Reference Frame

Transformations

A

Figure3-2. Block diagram of cuantcontrolloop using stationary reference frame control.
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3.2.1 Derivation of ClosedLoop Gain

Transforning (3.1) to the stationary reference frame agaoring the zeresequence

variablesbecause the neutral of the stator winding is rarely connggedds:

g/id ﬂe& O ﬂscﬁ Qe 0 d ﬂsd

B0 R U:8 THE L @i,

(3.2)
&%, b &

wherel =L, £L,. This equation can be rewritten in a decoupled \@ay

=R, L (3.3)

v =R 430 (3.4)

sq sq Sdt S
Consequentlythe stationary reference frameahd gaxis currents can be controlled
independently.

To obtainthe closedoop gain foil, andi;,, we must first determine éttransfer

sq?
function ofthe RL circuit andthe proportionalcontrollerseparately

Themathematicamodel for a singleohaseRL circuitis:
m+gﬂiw (35)
dt '
For the d and gaxis modelm the Sdomain,this becomes:

(R+LIN9 ¥l $ (3.6)

The Sdomainrepresentatioof a Proportional controller is:
Ko (1%(9)-1%f9) ¥ 9 @7
Repladng Vg,,(S) in (3.7) usingtherelationship betweehZ,,(s) and Vg,,(S) in (3.6)

yields:
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S —_ Kp 3 S
| 5q(S) _RS+—LSS(I N E RN E) (3.8)
Solving for he closedoop gainyields

KD
:|§d(5) _lssq(s) _ Kt R
TG 1590 L
Kp+RS

(3.9)

3.2.2 Analysis of Bandwidth Limitation

Equation (3.9) indicates thatcreasingK , would increas¢he bandwidttof systemand

decrease theacking error Of course, one must always consider stability lemds on control

effort. The rootlocus for Kpis shownin Figure 33. All roots are located in the left half plane,

which indicateghis systenis alwaysstable.

Stationary Reference Frame P Control - Root Locus in Kp

0.8
0.6~
0.4

0.2

Imaginary Axis
o
T

0.2+

0.41

-0.6-

-0.81

_1 r T r r r r r r r
-18 -16 -14 -12 -10 -8 -6 -4 -2 0
Real Axis

Figure3-3. Rootlocus plot forK, of stationary reference franpeoportionalcontrol.

However, because of the control effiimitation, Kp cannotbeincreasedndefinitely to

obtainwider bandwidth.To find a suitablé /, bode plot like Figure-a is drawn. Since when
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the frequency is 800 Hz, magnitude of the bode plot rea8hd, which would be called cutoff

frequency, s@o achieve a bandwidth of 800 Hépis set ta30, which could also be verified by

calculation:
+ K + 3
W = R+K, (1.5+30)310 rad/e
L 6.5
:—31500 Hz =/71Hz
6.5 6.2832
: eoteDagar
g s
=
_18 e —
T E\
3-30
£ -60
-90 1 2 3
10 10 10

Frequency (HZ)

Figure3-4. Bode plot of an ideal threghase current regulator with stationary reference frgnmgortionalcontrol.

To verify the800-Hz bandwidthof the stationary reference franpeoportionalcontrol,
the system was simulated usingid@al model for thanverter. Thesimulation results are shown
in Figure3-5to 3-7. InFigures 3-5 and3-6, the electrical frequency is set%6 Hz and500 Hz,
respectively. Botlare in the range dhe 80Hz bandwidthand thecurrentsarecontrolled
effectively. When the eletcical frequency is increased 1@00Hz, howeverthere is significant
phase delay in the stationary reference frame variables that manifests itself as level errors in the

synchronous reference frame
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Stationary Reference Frame Proportional Control with Ideal Inverter
(f,=50HzR = 1.5W L =65 mHK =30)

0.
ig,0S (A)
sd' 'sq 0

-0.5

-1.5
1.5

s s
icq |Sq (A)

S~
N | ><

-1.5

t (ms)

Figure3-5.  Simulation results for an ideal thrpbase currentontrollerusing stationary reference frame
proportional control wittfe=50 Hz.

Stationary Reference Frame Proportional Control with Ideal Inverter
(fe= 500 HzR = 1.5W L = 6.5 mH,Kp =30

1.5

O.E

e .e
Isd' Isq (A) 0

-0.5

-1.5
15

03 P N

iS iS 7 /’ N N z 7
(o |Sq (A) 0 ’

2
t (ms)

Figure3-6. Simulation results for ardeal thregphase currentontrollerusing stationary reference frame
proportional control witH,= 500 Hz.
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Stationary Reference Frame Proportional Control with Ideal Inverter
(f,= 1000 HzR = 1.5W/L_= 6.5 mH,Kp =30)

1.5
1
0.5
e @
sd’ 'sq 0
-0.5
-1
-1.5!
1.5
I e
05 . = 5
s s e N N
% Isq (A) o /_/ X& “
0.5 . ; \\/ - ™ ;*t \B(
A T e e e
-1.5

t (ms)

Figure3-7.  Simulation results for an ideal thrphase currertontrollerusing stationary reference frame
proportional control withf, = 1000 Hz.

In addition to thébandwidth limitatiorimposedby the choice oKp, the inverter
hardware has a significaetfecton bandwidth.As a rule of thumb, the bamitlth of aninverter
is usually assumed to be of the switchingrequency. The effect of invert switching frequency

is considered in Section 3.5.

3.3 Synchronous Reference Framaithout EMF Compensation

Synchronous reference frame Pl contr@soriginally selected to avoithe bandwidth
limitation imposed by the invertdrardware More particularly, synchronous reference frame
variablesare dc (in the steady state) insteadafIn this part, welerive the closetbop transfer
function forsynchronous reference frankd controllerwithout emfcompensation From this we
show that there ibandwidthlimitation inherent to this control scheme

A block diagram of current regulator loop using synchronous reference frame control is

shown in Figure 3.
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e
Isdq +

Current
Controller

Modulator

N
>( U

A 4

+
=
<

sabc T +
€ >
>

Y

Shaft

=2
A 4

VV_Q

Inverter

PMSM

-~

sdq
Reference Frame

sabc (24

~

| Transformations

yy

Figure3-8. Block diagram of currertontrolloop using synchronous reference frame control.

3.3.1 Derivation of ClosedLoop Gain

To analyzehree-phaseRL circuit currentsye firsttransformthe plant model from the

stationary reference franie (3.3) to the synchronous reference framlgich introduces a speed

voltage term:

Y GR 0 dip o -wl, ipel,o8 die
e té e : e\ < ue — e ) '
&, 060 R Y6 . o il gofE arict
or
e —_ 1 € 1 © d e
Vsdq_ RJI sdq Wé—‘ll H Sat} s (311
where
=80
0 1
_&0 -1
& 0
In the Sdomain, the voltage equation 13) becomes:
Veae(S) = W ll Hd L3
(9= (R L] I " (3.12)

=gR 9

LANN: RS
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To representhe Pl controllerhere (3.7) is first modifiedto be

VE(9) = aé<p < B9 1449) (313

U)ll—\

EquatingVg,,(S) in (3.12) and(3.13), it yields:

U)l =

[(R+L31 w,L3]%(3 g-er Boukd 1 o4 (319

The closedoop gain can then be derived

sdq(SD

sdq( )
=qLs {K, R)s K wrsq Ks K+
Lol s, x42 e be tp it
_L§54+2|—5(Kp +Rs)§ ( K, &)2 2 KL ( )§ 2K(+K Fis+
(3.15

The matrices in the transfer function simply reflect the fact that #veréour transfer

Gy(8)=

functions from two inputs to two outputs

IMOMING
HHOINE)
CIs(s) 159
BIS(S) 1509

c;d(sg =

15(8) _ 1(S)
156) 159
_ LK,S+(K2 RK, KL)¢ K2K, R¥s R+
L2s*+2L (K ,+R) ((Kp ) KL, (Wej_)z)§+ 2K(K # R)s ¥

(3.16)
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15(S) 1549
L(K s +Ks)
12s* +2L (K, + R s’ {(KHRS)2 2K L (wl,gz)sz 2K (K , Ris K%
(3.17)

3.3.2 Analysis of Bandwidth Limitation

The poles of both transfer functiosisown in 8.16) and (317) correspond to the roots of
the shared denominatoFor fixed Kp andwy , a root locus can be constructedvayying K,
from zero towards infinity.ForK; =0, thedenominator simplifies to:

den= s*+2 LS( K, +I1)s3+(( K, R)z {Wel_)z)s2

°°KR3.60§1 R
—sz§ _28'5%4%“@‘_:

Thus, the response includes a component that oscillates at frequgaeyl decays with a time
constant, /(K +R). Therootlocus forK; is shown in Figur@-9. Regarless ofhe value

for K, this systemremainsstableasall rootsremainin the left plane.However, unlikethe root

locus forstationary reference frane®ntrolshown in Figure8.3,thedominant polespproach an

asymptote that limits bandwidtihe limit onbandwidthcan be calculated as

=R+ K, (15+30)°10
T 23 6.5
_ 31500
138 6.2832

rad/s

Hz =386 Hz
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Synchronous Reference Frame Pl Control - Root Loc&l'; in

1000

500

Imaginary Axis
o

-500

-100G

-6000 -4800 -3600 -2400 -1200 0
Real Axis

Figure3-9. Rootlocus plot for Ki of synchronous referendeme Pl control.

3.4 Synchronous Reference Frame Pl Control with EMFCompensation

From (3.11), it is important to note that theathd gaxis voltage equations are coupled
due to matrix). To decouple the dynamics of theathd gaxis currents and to coteract the
oscillatory component, one useful method is to use EMF or spitadje compensation. That
is, an EMF or speedoltage term is added to the output of the PI control block.

There are two different ways to represtig EMF compensatiod the actial d and g

axis currerd or the reference-c&and gaxis currerd & these two different equations are:

é@idq(s) 1-49) Bl °(3 (actual currents  (3.18)

Vsedq(s) = %(p +Ki

1
S

Vqu(S):%p +K, @‘_qu(s) -4 s)) LEF;E; *43 (reference current (3.19)

where LEis the estimation o#1, and I_ES is the estimate value d, .
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3.4.1 Synchronous Reference Frame PI Control with Actual Current EMF

Using the same method applied beftrelerive a expression for thelosedloop gain,

e

«iq(S) : theplant model(3.13) andthe controller model (3.8)

we equate twaxpressions fov

(R L9 w3 26, kg B3 1 o4y BBk (p 020

S

Comparingthis to(3.14), the only difference that 1L in the formeresults for the

synchronouseference frame PI control are replacediply, - ﬁél_E Consequently, the closed
loop gain using the synchronous reference frame PI control with actual current EMF

compensation would bebtained simplyy replacingiL, in (3.16) and (3.17) byL - E@E

154(S) _ LK S+(K2 RK, KL$ K2K RFs R+

156)  Ls*+2L(K, R)S (K, R 2KL Wi, WEY)S 2K(K, R s K
(3.21)

15(5) _ (L~ BE)K § 9

156)  Ls*+2L(K, R)S (K, R® 2KL Wit wEY)S 2K K, Rs
(3.22

These closedbop transfer functions can be verified by comparing the step response from
the transfer function to that from the Simulimiodels. The results are shown in Figurel@and

confirm thecorrectness of théerivation

0 0.5 1 15 2 25 3
t (ms)

Figure3-10. Comparison oftepresponsef transfer function and simulation
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For the case of perfectly estimated valuesifgand L, which means#/L, - Eél_ES D,

the coupling between the dnd gaxis currents is eliminated, and the transfer function shared by

the d and gaxis currents simplifies to:

15(8) _ 15(8) _ K, s+ K
156) 15(9) LE+(K, HR)s K

(perfect estimation (3.23

For the case of imperfectly estimated valuesiigrand/orl,, there will be complex

conjugate roots even K =0, but theangular frequency of these roots will be:

& 1E
w= W.% (K.

L 9

The rootlocus for K, is shown in Figur&-11andlooks similar to Figure-®. Since I_ES

is in the denominator, WitILVES changesrom 0.9 tol.1l, the rootlocus would be changed as
shownin Figure 312. From rootlocus in Figure 31 and 312, all poles are located in the left
plane,indicating that the system ssable And similar to Figure 3, asK, increasesjgominant
poles move towardn asymptotéhat limitsbandwidth. This limitation could be calculated as:

R+K, _(1.5+30)316
2L, 23 6.5

_ 31500

138 6.2832

W, = rad/s

Hz =386 Hz
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Synchronous Reference Frame P1 Control with Actual Current EMF Compensation - Root Licus in
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Figure3-11. Rootlocusfor K; in synchronouseference frame with actual current emf compensation.

Synchronous Reference Frame PI Control with Acutual Current EMF Compensation - Root Locus Variation with Ls hat
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o

-500

-1000

-6000 -4800 -3600 -2400 -1200 0
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Figure3-12. Rootlocus WithchangedlzS .

3.4.2 Synchronous Reference Frame PI Control witiReferenceCurrent EMF

As before, to acquire the clostxbp gain, we must equate two expressioné/fga(s) ,

the voltage equation (3.19) and the PI controller model equation (3.13), which is shown below:

[(R+ L9l w,LJ]I%(9

(/)ll—‘

e Bouks 1LY BB LE (29

"08 |QJ°
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Add up all parameters befot€,,(s) and | ‘;q(s) separately:

X0 1 ~ A2 1 ~ L
ER+Ls+K, K= B w18y K kA HBA Ly 62
6; S = u e; S - u

e e*

Represering | () using 1 5,,(S) yields:

129 =8LE K, R's W wil sgd Ks K+ bErsl()(320
Theclosedloop gain is:

I qu(s)
1 5(9) (3.27)

=gLs” K, R)s K wH S-ég( K,s K+ B+ s

C;cl (S) =

Carrying out the inversion of the first factor yields:

6.(9= LK RS K (W, LY
LS (K, R L’

(K,s +H)l By (329

Expanding the numerator and denominator into polynomiayields:

(LKS+(K: RK, KL mlBE)S K@K, Rs Ki+(BRts (ERLR, KEWR, 8.5 (GEwr wp
Us+2L K, R § (K, R’ 2KL Wr))3 2KK, R stk +

Gy(9)=

As mentioned before, although the matrices in the transfer function reflect the fact that
there are four transfer functions from two inputs to two outputs as above, what we are really

concerned about is:

15(5)  15(9)
. LKSH(KE RK, KL wlBE)S K@K, Rs K +
_|_§S4+2LSKp +&§ (-(Kp @2 ZKLS (WE‘EQZ)‘@» 2K(+Kp Q S+K

(3.29
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MONME)
15(8) 15
"@I—Esl—ss3 +( EéEBs +K g E’Es - W)) § IQ(|E @s -IEWSS

TUs+2LK, RS €K, R 2KL Wh) S 2KHK, R stk
(3.30)

Again comparing the step response fr@m0)and from theSimulink modelas shown in
Figure 313 confirmsthe correctness of thaerivation

T

e e
g |sq(A) 0

0 0.5 1 15 2 25 3
t (ms)

Figure3-13. Comparison oftepresponsef transfer function and simulation.

Comparing (3.29) & (3.30) to (3.16) & (3.17), these clekagp transfer functions share
the same denominator, so that the root locus should be the same whenKgrginmgzero

towards infinity.

Synchronous Reference Frame PI Control with Reference Current emf Compensation - Root Kpcus in

1000

500
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-500

-1000
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Figure3-14. Rootlocus plotfor K; in synchronous reference frame with reference current emf compensation.
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From Figure 314,the systenis stable asall polesremainin the lefthalf plane.As K; is

increasd, thedominant polesnovetowards a fixecasymptotewhichimplies abandwidth

limitation. Since there is ncb_ES in the denominator of this closdabp transfer function, unlike

the former one, the rodvcusfor differert values ofI_ES is no longer needed.

3.5 Non-ldeal Inverter Simulation

For all of the synchronous reference frame PI control methods we have discussed before,
including one without EMEompensationwith reference current EMF compensation and with
actual current EMF compensation, only the last one could cahtanld g currents separately
So in this part, only synchronous reference frame Pl control with actual current EMF
compensation is analydend compared tstationary reference franpeoportional contral

Since thecarrierfrequency i kHz, according tahe onetenthrule of thumbthe
bandwidth of this system would b@proximately200 Hz. From Figure 316 and 318, by using

stationaryreference frameroportionalcontrol, currents would not reach their goal when
f, =200 Hz, while using synchronous reference frame PI control, this restriction would be
eliminated Wh at 6 s mor e ,-15 &nd &l wHerif, & lowee, syBchronous reference

frame PI control could produce a better outpihd these are the reasons why low frequency

synchronous reference frame PI control is widely used.
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Stationary Reference Frame Proportional Control with Nonideal Inverter
(fe Hzf-2kHzR-15WL-65mHK=30)

1.5
1 Pagrrgig PPN PPN PAIPPIPIIS IO A A S AT A VS SN T S A s
e .e O'C [J
i isq (M) 0 AN AN ANAN AN A AP AN
-O.E
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15
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0.5 "rfﬂ“ \?{m"\ ffﬁm 4%
I:d IZq (A) 0 d{f’ ", !:‘q\'w ‘qqn ;:Y'Jr 'LfJJ \\\‘:’-1 5\“1.. A
) ] r '~} N ] 7 S al ) ) ] ol 0
S N W A N
1 hf%\w v Jqq‘\m _/ %“/%(M
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Figure3-15. Simulation esults for thregohase currertontrollerusing stationary reference framp@portional
control with fo=50 Hzand2-kHz switching

Statlon(ary R%ference Frame Propomonal Control wnh Nonideal Inverter

200 Hzf = 2 kHzR = 1.5W, L = 6.5 mHK = 30)
1.5
W 0 IAAMAWAMAA WA WAV MAAY
S St C
-0.5
-1
-1.5
1.E
1
0.5
Si% (A HER AT LT O S I O N O I N
Isd'lsq( )-O.(: 'r‘l ,‘ ':' :' ": ‘:r"h“““\‘;‘;{[r{;ﬁ ‘ ) ':' : ! “ ; : L‘ U ,J
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Figure3-16. Simulation results for threphase currentontrollerusing stationary reference frampeportional
control with f,=200Hz and2-kHz switching
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Synchronous Reference Frame PI Control with Nonideal Inverter
(fe= 50 Hz,fC =2 kHz,RS= 1.5W, L5= 6.5 mH,Kp = 30,Ki =551
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Figure3-17. Simulation results for threghase currertontrollerusingsyncronousreference fram@I control with
fe= 50 Hzand2-kHz switching.

Synchronous Reference Frame PI Control with Nonideal Inverter
(fe =200 Hz,fC =2 kHz,Rs= 1.5W, Ls= 6.5 mH,Kp = 30'Ki =551

i:di;wo'j B R e, A
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Figure3-18. Simulation results for threphase currentontrollerusingsyndironousreference fram®@I control with
fe=200 Hzand2-kHz switching

To demonstratéhat synchronous reference frame PI cordralidsthe bandwidth

limitation imposedby hardwareout has @andwidthlimitation of its own severakimulatiors
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were performed with different synchronous frequencies and switélgiggencies Theresults
with are shown in Figure-39to 3-22.

By comparing Figure-39 and 321, still, synchronous reference frame Pl control would
bring better current response than the other one at low frequency (56iblzgver, because of
the bandwidth limitatiorset by its own mathematical equation, as soon as frequency is higher
than this restriction (386 Hz in thims¢, synchronous reference frame Pl contitoés not

perform well This is demonstrated by Figure28 and 322, whenf, = 500 Hz.

Statlonary Reference Frame Proportional Control with Nonideal Inverter
( -50Hzf -20kHzR = LWL -65mHK =30)
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Figure3-19. Simulation results for threphase currentontrollerusing stationary reference frampeportional
control with f,=50Hz and20-kHz switching
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Stationary Reference Frame Proportional Control with Nonideal Inverter
(f,=500 Hzf =20 kHzR = 1.5W,L_= 6.5 mH,Kp =30)

isd‘ Isq (A) .C ,r//"m“"w Ay, /MM M/
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Figure3-20. Simulation results for threghase currentontrollerusing stationary reference frampeportional
control with f,=500Hz and20-kHz switching.

nchronous Reference Frame Pl Control with Nonideal Inverter
(fe: 0 Hz,fC =20 kHz,R5 =1.5W, LS: 6.5 mH,Kp = 30,Ki =551
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Figure3-21. Simulation results for threghase currertontrollerusingsynchonousreference fram@I control with
fe=50 Hzand20-kHz switching
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%/nchronous Reference Frame PI Control with Nonideal Inverter
(fe =500 Hz,fC =20 kHz,RS: 1.5W, LS: 6.5 mH,Kp = 30,Ki =551
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Figure3-22. Simulation results for threghase currertontrollerusingsyndronousreference fram@I control with
fe= 500 Hzand20-kHz switching

3.6 Conclusion

Bandwidth limitations for stationary reference frame proportional control and
synchronous reference frame PI control have been dernigexhalysis of transfer functions for
the closed loop system taking reference frame transformations into acémuexpected,
synchronous reference frameddhtroloutperforms stationary reference frame proportional
controlwhen the hardware bandwidthrelatively low and the synchronous (electrical) frequency
is low. When the hardware bandwidth is high, however, synchronous reference frame PI control
is unable to takadvantage of it, wheas stationary reference frame proportional control is. The
impact of tracking error associated with stationary reference frame proportional control is

examined in the next chapter
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Chapter 4

Effect of Current Control Method on Velocity Control
of a Permanent Magnet Synchronous Machin®rive System

In Chapter 3, we analyzed the curreontrolfor a threephaseRL circuit. Among the
different current regulation methodsing synchronous reference frame Pl contnaludingthe
one without EMF compensation, with actuakeference current EMEynchronous reference
frame PI control with actual current EMF compensation would not only produce a more stable
output, but also decouple currents to make them easier to céidmeever, because of its own
mathematical derivatigrthere would exist a bandwidth limitatierhile using stationary
reference framermBportionalcontrol could ignore this restrictioBtill, using stationary reference
frame Proportional control could also regulate current propiartjris chapter, we iend to find

out the effect of these methods on the velocity response of a PMSM.

4.1 Stationary Reference Frame

With thereference frame transformatishown in (4.1) and (4.2)-d@nd g variables in

stationary reference frame and synchronous reference frame could be transformed:
f = f,c08@,) -f L, sin(q) (4.1)
fs?q = fsrdSin(Qr) 'f'fsquOS(Qj (42)

wheref could bev,ior / .
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Using these transformations, (4.3), currenttage equation in synchronous reference

frame by equating (2.7) and (2.8) can be written in forms of (4.4) and (4.5):
r —_pal rr 7 d r:r r
Vsdop_r!;sd@ -W‘JG_IS sdg a‘s)ﬂ a-l'(l—lssﬁq a"ir

V=t 4 S W g dSin( 4 s g ) Asine, 4q)

s& sd
s d.. .
=Id g tsal sd erlsmsm( q
o ode s s .
Ve, =1, -Lsal 0 W ig§ Fsin( g3 JpEsin( g )
. d.
=i :q -Lsal ssq Wr/ismcos( @

The timedomain representation of the proportional controller is:
Kp(ii_ I zd) ¥Zc
HES s
Kp(lsq- |§q) v
Combining (4.4) with (4.6) and (4.5) with (4.individually yields:
K, (i5-i2) #i: L+ i e e i sing
p\'sd sd s sd sdt sd r/ | s§ q

N d. . _
KP(ISS';_ ISQ) :FIS sq L+Sd_t| sq Wl_I/ISIgOS( q
Applying (4.1) and (4.2) while assumiilg(s) =0:
i5 =i5,c08@,) i, sin(g) #;sin( g

is, Zigsin@,) +.,cos(q) i%, cos( 4

43)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.1)

A similar process also applies iy andig,. Substituting (410) and (411) into (4.8) and

(4.9) yields:
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-Kinsing,) {K, r)(isin(g) L ng( i SN( §  ,megin(, (412

- - dg,
K,is,COS@, ) (K 0 +s) (I s cos(q) L:sa(l sq COS( ;}) + W, fcos(, (413
After applying the product rule of differentiatiothese two equations become:
: d., .0 .
Sln(' rq(ﬁl sq r @BS( d )Q 9 r Isnlﬁsln( r
(4.19)

-K,insin@,) {K, m)(igsin(g) L

vosﬂd o

K,iscos@, > (K, +4)(i"%cos(q) L:%cos(,q%i "o - i gg 4 wehs(,

(4.15)
Subtracting (4.15) from (4.14), and then muItipIyingap(qr) yields:
Kot (co$ @, )7+ sif (g) {K, )i cod (@ sih ()
d., : _ (4.19
=L %008 @) +sirf (g) +ug,{ cod (, )gsih ().
Sincecos @ )+ sirf (g) 1., this factor can be eliminated. Then (4.&8)be
representechis domain:
(K,+r, BL)IS) Wik, KFY9 (4.17)
The sdomain form of(2.10)is
P1&P3 P
W =—=g— . 1.(9 -T, P— 4.18
T 9] 5 2 dm sq( ) M 2 w ( )
Substitutingl ,(S) in (4.18) with relationship shown in (4.17), it yields:
P1EP , & 3 & f,- KJ(s) O P
W =—=6= o~ @ P = at, D— 419
T2ig PP E e, e, 8 T2 (419

By collecting terms multiplying// and Isrq (S) respectively, (4.19becomes:
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A 2/ .2
Gt +sK, 48 L, —+—3P8‘;4m 4( K # 5I3)+ K, si)
& v
2 (4.20
3P /K plr*( )
8J

Thus, the gain from ;(S) to 1 can be expressed as:

wo_ 3P2/5;m
[ 8IL.+88J( K, +) 2FDL, 4PAL @ gzlé D 4PN K | 8Fi%
(4.21)
When using a PI controller for velocity, the refereneeig currentn the rotor reference
frameis

~

I ;K +_ @V ) (4.22)

where Kp(and Ki ) isused here to distinguishfrom the proportional gairKp of the
currentcontroller.

Substitutingls'; in (4.21) using (422) yields:

3P2/4m
8JLSs~2+§J(Kp +) 2P DL, 4PALS§g’£FaD ari K ) 8FIi%,

(4.23)
Using crosamultiplicationand multiplied bySwith all coefficients, (4.2) would

become:

{BiLs+(K, ) 2PDL 4PAL @ 2P D 4PK K ) 8P ikgsu
-3 (Rs K)( i -
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(4.24)

Adding up allcoefficientsbefore 1, and Wr respectively, e closedoop gaincould

thenbe:
P/iKKst+t+P [ KK.
Wi: dm p tp spr i (425)
w d,s+dS +ds 4
where

d, =8JL
d,=8J(K, 4) 2P°DL, 4PAL
d,;=(2P*D 4PA(K, & 3F/2 3P, KK,
d, =3P/, K K,
To verify the derivation of (4.25), its step response is compared to the raticactulaé

velocity over reference velocity from a tirdemain simulation in Figure-4.

Comparison of Transfer Function and Time-domain Simulation

1.5 r r r
----- step response of transfer functipn
—time-domain simulation
1 —
/"/"/"‘
{=
3 /
V]
os //
0
-20 0 20 40 60 80 100 120 140 160 180 200

t (ms)

Figure4-1.  Comparison ofransfer function and timdomain simulation
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After substituting PMSM parameters in Tabld,Z2ootlocus of (4.8) could be drawmas
in Figure 42:

6 Stationary Reference Frame Proportional Control-Root Locus in Kp

't .
(43 = (%))
T T T

Imaginary Axis
o

0.5~

1+

1.5+
2 I I I I I I I |
-9 -8 -7 -6 -5 4 -3 -2 -1 0
Real Axis x 10*

Figure4-2. Rootlocus foer of stationary reference franpeoportionalcontrol
Since all roots of the denominator are locatetthe left half plane, as shown in Figure 4

2, thesystem is stableAlso, astincreases from 0 to infinitthe dominanpoles of (4.8)

move away from imaginary axis, leadingaoincrease irbandwidth. The only problem would

be that control effort oKpmight restrict this bandwidth as discussed in Chapter 3.

4.2 Synchronous Reference Frame
As shown before, (4.3) is derived as below:
r —_—pa r rnr { d rar [
Vsdq) _r!: sd@ W‘J q— Is Sdg 3 s)n a-l'(l— I s sdq o tr (4-26)

Since a{,is a constantgay,,/ dt=0. Written in noavector form this voltage

current equatiors thencomprised of the followingwo equations:
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., Lood.
V;,d = ré sd _WL!] sq a'?L Id S (427)

— il ir 4 d T
V;q_ rd sq -M/Lt!l sd W /sm E{H- Iq 3 (428)

4.2 1 Transfer Function Derivation

To derive the transfer function of the cldsep system, we used the same method that
was introduced in Chapter 3 and rewrite the volageent equation and PI controller equation in
thesdomain. By equating these equatioreswere able to obtain the relationship between actual

current and reference current.

4.2.1.1 Synchronous Reference Frame Pl Control widtht EMF Compensation

The mathematical expression for the Pl controller ingbdemain issimilar to (3.6):

+
p

2B 1f3) Wk @29

vO?%QJO

Equation (429) can be rewritten in scalar form:as

3 K Q-
&g 050 1u9) w9 (a.2)
3 K Q.
%‘H;‘ Bl 119) Wl9 (4.31)
Equations (4.2) and (4.3) in the Sdomain are
Vaa(9 = EIl9) W LI f9 L3 (4.2
Vsrq(s) = rslrsq(s) -|WrLd|rsc(3 $Ldl sg 3 Wr lr/5| (433)

Assuming | (s) =0and equating (43 and (4.2) yields
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K 5
+sl, K 4; Bs(s) neL I' (9 (4.34)

VO%QJO

Similarly, equating (4.B) and (4.3) yields

% st K, LB muius e, Kga% e 4

Replacingl [,(S) in (4.34) by I o(S) using the relationship between these two

shown in (4.3):

&

o +sl, K, S 8 o Wby b wa, k&5 #@(436)
& * L0 Fs %

e u

e aP D PAS Py°13
+ — +— —p—a h.0(S 43
gsgez—nggf zéae‘]gslmsq() (4.37)
Replacingl ¢, (S)in (4.36) by w using (4.3):
e &P D PA D
e &+ 07 57 W
. 5w 2 %9 20y A K .5
S +sl, w, 8 Wbk . g s° - U, kS e
€ S Tro4sly, K, # U ap a3, ® s 2
é s U 6% 524’“
(4.39)

The PMSM model is netinear due to the presence nfin (4.36) that in turn results in
a Wffactor in (4.38). Thus, it is necessary to linearize the mode before deriving a transfer
function betweervy; andlg,.

Applying linearization theoryy,(S), W , andig(S) can each be written as the sum of an

operating point and an error as shown here:
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i24(S) = 154(5) #f9) (439
w =\ iy (4.40)
i5,(5) = 15,(5) H5,(9) (4.41)

wherel {,(S), W and | ;;(S) represent dc operating points, agg(s) , # andig (s)

represent ac small signals.

Equation (436) can be rewritten as:

e ) 2
% K| 6 er +'Z4 ) r r ~ s

@%s +SLq K p 4; (0] (+ ) Ld L}i ¥ sq(s) I sc(-s)) ( i VVV)‘//E'E

€ Trotsky, K, A+ U (4.42)
e S u

H ~ L . o K *~

a, Qe (g amr 1g9) wis G TR
r,+sk, K ASL' ¢ '
(4.43)

Substituteig,(s) andig, (S)in (4.43)by ¥ through(4.38) andby 1/ through(4.21)

seperately
. oD 2x a
?é K 64 K . .8 %+ap SﬁD %2 5 K |
oh sk, K, - gash K+ — + Lgl +, ¢ - = 2 I [ign < K + du
e G oo Lo g RS 2 i
r & 9 y
& K. 6.8 K. a8 K g, .
= B K — 4 e -
E;aé‘ Lo Ko s SK? s gEKQ s & W)
Closedloop gain of i/ over IZ4 can be expressed as:
W ns+ns +p$ S
r 4 3 @ -lp @ (444)

“4S+ds +d8 WS ds ds o

=
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where
n, =3P/ K K L,
n, =3P/, 8KK, L, K (K, KL, K&
n, =3P/, 8K (K1, KL, K2) Ki(2K K, Kp)
n =3P/, 8K K2 K (2K K, Kr)
ny =3P/ j, K K?
ds =8JL, L,
d;=(2DP* “4PA I, L, 8 Lt L K, K4

d4:3P2/;m( [i, -HZJ(F]_f) (QDPZ 4PA)( Lors Le K+, K Ha
+8)( WL, # Ky, Kk, KI+K| 4

d, = 6P/ g, Wyl lh, 3P* L8KK L, #(K , rk K fKr, KL+4K?), 8
+(20P? 4PA( WL, & 2K, Klt K2 KL+ 168)( K, KK)

d, =3P/, & LK, K (K, KL, K& KfK K, Kr}

+8JK? {4DP* 8PA(Kr KiK)
d,=(2DP* #4PA K? 3P/ 8K K K(2K K K

d, =3P/, K K?

4.21.2 Synchronous Reference Frame PI Control with Actual Current EMF Compensation

As with the actuaturrent EMF compensation analyzed in Chapter 3, EMF compensation

here is added to the outputthE PI controller. However, since the flux linkage equations for the
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PMSM differ from those of the RL circuit due to the rotor permanent magnets, the expression for
the EMF compensation here is different.
The voltagecurrent equation of the synchronouference PI controller with EMF

compensation in thedomain is:

V9=, *g B9 RA9) EEILS (.9
3 K O+ _ B
VA= Ko *o a9 143) MLlLy i, (4.)
Equating (4.2) and (4.3) with (4.46) and (4.4) respectively yields:
° K & C
gaés+5|-d K, + gsd(s) (Wqu WEQ)I;{S) (4.47)
3 = K 0 ) r -~ o+
g tsE K, 2 B9 (wL, w9 (wr Wi,
(; S =
0 K & (449
a i O~
=g %5 &
Combining (4.Z) and (4.8)
: (ks i) e — )
3 = K 0 M/rLd - W-d _Ar l(j ~
%+SI‘EQ +K _-g_l 8;_Lé MlqK 6 usq(s) (W-r'_ W)_gr'r
ec T o&+sL, K, # g U (449
& ¢ s + H

Op;mo
” T:X
| 9:531

@

a = Ki 4 L5 s g V7 7 E 1
2 tsE K, = () —+ 1 T 2w+, EW v w i,
¢ Tt s 3 ro+sky K, lﬁg )- ( )Nq Vg
S
3 K &
:gé(p -I-;' |-;@](s)
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(4.50)

Comparing (4.8) to (4.8), the only difference is thal\| has been replaced by

(W - I%ly’where\ﬁ’r represents the estimated steady state rotor veloeity are neglecting

any small signal component of the estimated rotor velocity. Consequentiygriier function
does not need to be-derived step by step; instead replac\igin (4.44) by(V\/r - Eyyyields:
(4.51)

ns'+ns +ns$ s A
d+ds +d& 5 g5 ds 4

"
o
r

w
n, =3P/ j, K K L,
KL, K#)

where
n, =3P/ §,8KK, L, ﬂzp(Kprs
=3P 8R (K, KL, ) Re(2K K, K

8K K? K (2K K, Kr)

n =3P, 8K K
r"O :3P2/JmR|K|2

d, =8JL, L,

d;=(2DP* “PA I, L, 8 Lt L, Kg, K4
d, =3P by KK L) (@DP 4PA( Ly, L. K, K L4,

raw EfLL & 2, KLy K3 KL, 8
dy=6P/j,( W EWL 1L, 3 L8 UK, r)r R K (Ker KL K2,
+(2DP? +4PA)g WEWW, L, ¢+akr KL+K2 KL, 2

+163 (K1, KK,
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d, =3P, & LK, K (K, KL, K& KKK, Kr}

+8JK? {4DP* 8PA(Kr KiK)
d,=(2DP* 4PA K 3P/ EK K K(2K K Kt

d, =3P/, K K?

4.2.1.3 Synchronous Reference Frame Pl Control wiReferenceCurrent EMF Compensation

The voltagecurrent equations of the synchronous reference frame PI control with the

reference current EMF compensation are:

CE RN ZCRFONCENE “2)
v;q(s):%p Qs 149) MLy i, (45

Equating (4.2) and (4.3) with (4.22) and (4.3) respectively yields

?a;éJrSLd #, %‘ g;d(s) M,C,qurs({s) T/I/rqur;(Q (4.54)

ok %, R wiy (w dU G R 6w

o o K ~ e ) _
g§s+SLEq +KD + &q(s) + rLd K (WrLdIrs({S) E/rEquS((S)) ( V,ﬂ' Ep'/{sr
¢ S = ri+sky K, JSH

(4.56)

Applying the linearization method used befdhe small signal equatios:
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a KI {) E ﬁ_ !
! +SI 'l'K =+ b"' n
q p S q K
g ' rS t SLd -lK p I

Closeloop gain is:

ns'+ns +ns$ #s 7
d6§+d5§ +d§ €% ds ds g (458)

§g|§z

where

n, :3P2/gijprLd

I‘]3:3P2/§meKKL +K( ol s K’—d K-?:p 2E|-r N‘\QI

gKiK,
n, =3P, 6K (K,r, KL, K2 2F, W) K (e K, Kr)+
n =3P/, 8K K2 K (2K K, Kr)
ny =3P/, K K?
d; =8JL, L,
=(20P* ¥PA I, 8L, rh, K, K1)

=(20P" “PA(tl, ml, KL, K]
+83(r52 K re KL, Kty sz') PZA-L""‘D( li K I"<-|i

d3:3P2/sjm%2szqL2d KiKpl—d ErIWJ—q /rs;‘K pr)5+
+K, (Kr, KL, W2 2F wa)e
+(DP? +PA(P K, K, K3 KLf) 18(Kr, KK)
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d2:3P2/simg /srmKi -I-Ri(Kprs KLd K-%p ZEI—r M\Q/ K;(ZKyKl KT;

¢ {oF @K1 KK)
d,=(2DP* #4PA K 3P/} 8K(2K K K KK’
d, =3P/ K K?
To verify the derivation of (4.51), its step response is compared to the ratio of the actual

velocity over reference velocity from a tirdemain simulation in Figure-3.

Comparison of Transfer Function and Time-domain Simulation

15 T T T
----- step response of transfer function
—time-domain simulation
1 Lot
,..——*"""'—MM
c /"”’f
3
O /
05 //
0
-20 0 20 40 60 80 100 120 140 160 180 200
t (ms)

Figure4-3. Comparison ofransfer function and timdomain simulation

4.2.2 Transfer Function Analysis

Inspecting(4.44), (4.51) and (458) reveals that the expressions for thesedloop gain
betweerreferencevelocity andfeedbackvelocity of the PMSMare different whemising
synchronous reference frame PI controller, synchronous reference frame PI controller with actual
current EMF compensation, and synchronous reference frame Pl controller with reference current

EMF. However, afér substituting all parametealues fromrlable 21 into these equations, there
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areonly afew smalldifferences inthe transfer functionoefficient values Becauseynchronous
reference frame with actual current emf compensagitime most commoas discussed in
Chapter 3, onlyhat methodwill be analyzedurther.

Rootlocus of closedoop gain of synchronous reference frame with actual current emf
compensation ishown in Figure 4. Since all roots are located in the left half plathesysten
remains stable. However, similar to the current regulation discussed in Chapter 3, there still exists

bandwidth limitation, which would affect response time.

Figure4-4. Rootlocus forK; of synchronous reference frame PI control.

4.3 Comparison

Since by using synchronous reference frame PI control, there still exists bandwidth
limitation in velocity control of PMSM.Response time of two reference frames would be
different. Step responsed these two arshown in Figure 6. Fromthe figure stationary

reference frameroportionalcontrolyields a fasteresponse time













































