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ABSTRACT

The scope of this work 1s the Permanent Magnet Synchronous Machine
(PMSM) operating at Constant Power Speed Range (CPSR). The proposed technique
to drive the PMSM at CPSR 1s the Dual Mode Inverter Control (DMIC) The main
1dea behind DMIC 1s to change the three-phase operation of the PMSM below base
speed to hybrid, single-phase and three-phase, operation above the base speed This
technique allows driving the PMSM 1n a wide CPSR The DMIC uses three facts to
achieve wide CPSR First, 1t introduces the 1dea of the advance angle, which allows
driving current into the machine while the back-emf 1s smaller than the DC link
voltaige Second, the blanking angle 1s used to maximize the electrical to mechanical
power conversion by increasing the on time of the tran‘s1stors of the Voltage-Fed
Inverter (VFI) and therefore slowing down the decreasing voltage in the outgoing
phase Finally, this technique avoids regeneration through the bypass diodes by
introducing an ac-voltage controller interfacing the VFI and the PMSM.

The analysis of DMIC/PMSM drive system shows that it uses the same
principle of Vector Control with Field Weakening (VCFW) 1 €., the armature current
1s controlled to have a field component that weakens the air gap field, and therefore
opposes the back emf However, the armature current vector must satisfy the voltage
and current constraints, which are the maximum current and armature voltage. In
VCFW, the voltage limit circle shrinks fast as speed increases because the maximum

armature voltage 1s the maximum output voltage of the VFI, which 1s hmited by the



DC Link voltage In DMIC, on the other hand, the voltage Iimut circle shrinks slower,
since after the commutation period the machine 1s operating 1n single-phase mode
The total armature voltage 1s the contribution of the DC link voltage, the back emf,
and the induced voltage provided by the derivative of the on-phase currents In fact,
this operation eliminates the voltage constraimt, and the machine can operate at any
speed, and then the only constraint 1s the current limit Therefore, 1t 1s shown 1n this
work that theoretically there 1s no speed limit for DMIC driving PMSM over constant

power operation range
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PREFACE

Permanent Magnet Synchronous Machines (PMSM) have high efficiency,
high power density, high torque-to-inertia ratio, and fast dynamic response. These
features make this machine very attractive for applications such as actuators,
robotics, servo drives, etc Electric Vehicles is another potential application of this
type of machine However, because of 1ts nature, 1 e, constant magnet flux provided
by magnets, these machmes have a narrow constant power operation range. This
limitation 1s a strong drawback for application of PMSM 1n electric vehicles, where
high speed 1s a top requirement This dissertation proposes, describes, evaluates, and
analyzes Dual Mode Inverter Control (DMIC) DMIC 1s a technique that provides a
wide CPOR for PMSM

Chapter I Briefly reviews the recent advances in PMSM drive systems, their
advantages and their drawbacks and states the necessity of a scheme that truly can
drive PMSM 1n wide constant power speed range

Chapter II presents PMSM models Initially 1t gives the three-phase model of
the PMSM 1n the stationary frame, which 1s used in chapter III to describe how DMIC
works. Then, the d-q model of PMSM 1n rotating frame 1s given. This model 1s used
in chapter IV and V for analysis and comparison of Vector Control with Field

Weakening and DMIC
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Chapter III proposes DMIC driving PMSM Initially, 1t describes the Phase-
Advance method (PHA), gives simulations results for PHA driving a low inductance
Brushless DC machine (BDCM) and discusses its lLimitations doing so. In the
sequence 1t describes DMIC driving BDCM. The superiority of DMIC compared to
PHA for low inductance BDCM 1s given and the reason for this superiority 1s
identified. Finally, 1n this cha;)ter, DMIC driving PMSM 1s described Simulation
results are given and the effectiveness of the DMIC/PMSM drive system 1s shown
Analysis showing why DMIC/PMSM drive system has a good performance for
operation above base speed 1s addressed 1n Chapter V

Chapter IV discusses Vector Control with Field Weakening (VCFW) of
PMSM VCFW is the most popular method of driving PMSM above base speed The
VC principles driving PMSM 1s described 1 details for Constant Torque Operation
Region (CTOR) as well as for Constant Power Op_era'tlon Region (CPOR). The speed
limut of the CTOR and CPOR 1s given using thf: voltage,%nd current constraints The
system driving a low mductance PMSM is) simulated and simulation results are given
The CPOR 1s found to be narrow for low inductance PMSM.

Chapter V explains why DMIC works from the machine perspective,
compares DMIC and VCFW, and proves that there 1s no theoretical speed Iimit for
CPOR when DMIC drives PMSM In this chapter, the d-q model of PMSM 1n
rotating reference frame is used. Analytical expression of the phase currents and
voltages provided by DMIC are given. The d-q currents and voltages are found by

doing the inverse vector rotation of the phase currents and voltages. The average

X



values of the pulsating d-q currents and voltages are found The d-q currents and

voltages of the PMSM controlled by VCFW and by DMIC are plotted 1n the same
plot 1n such a way that the two techniques can be compared The superiority of DMIC
over VCFW with respect to speed limit of CPOR 1s shown Finally, the theoretical
speed Iimit of CPOR 1s found to be infinity for DMIC driving PMSM

' Chapter IV draws conclusions from the presented work, and gives

recommendations for future research topics
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CHAPTERI

INTRODUCTION :

¥

1.1 Background

,Pemvla’nent magnet AC machines (PMAC) are becoming more and more
poRular’Qecause of their high efficiency, high power density, and high torque-to-
mertia ratio The efficiency of tﬁe PMAC 1s high because no excitation winding 1s
used since the air gap magnetic flux 1s provided by the permanent magnets The high
density and the high tbrque{o—mertla: ratio a?e‘ achieved when rare-earth magnet
materials are used.’ Fast dynamic response 1s another feature that makes this machine
attractive for applications such as actuators, robotics, and servo drives The electric
vehicle 1s another potential application for this type of machines, mainly because of
their appealing efficiency, which 1s a top requirement for battery or fuel-cell supplied
vehicles These machines are synchronous type machmes and therefore their
‘excitation frequency (stator frequency) must be perfectly synchronized with their (
rotational frequency (rotor speed) PMAC mgcbmes may or ma;l not have auxiliary
rotor windings. If auxiliary rotor windings are provided, these machines can be easily
controlled, since they start as an induction machine, and after the rotor frequency gets

close to the excitation frequency, 1t 1s pulled mnto synchronism by a combination of

the reluctance and synchronous motor torques provided by the magnets [1] However,



the auxiliary rotor windings decrease the efficiency, the power density, and the

torque-to-inertia ratio of the PMAC The~dynamlc response 1s also affected by the
auxiliary rotor windings. For that feason, PMAC without auxiliary rotor windings 1s
generally desired. However, the absence of the auxiliary rotor windings makes the
control th PMAC complex and power ele;ctronlcs 1s essential to achieve perfect
rotational-excitation synchronization andwto generate useful steady-state torque [2] In
the past few years, rnany researchers have put much effort on this subject In general,
their research involve selecting permanent magnet materials, designing machine
configurations [3], achieving motor and orlve physical integration [4], using
sensorless PMAC control [5], [6], developing PWM techniques for controlling
PMAC machines, and so forth.

With respect to the back-EMF shape, the PMAC machine can be class;fled
nto two types- trapezoidal back-EMF, which 1s also known as Brushless DC machine
I(BDCM) and sinusoidal back- EMF known as Permanent Magnet Synchronous
Machine (PMSM) Thé back-EMF shape w111 result n dlfferent rules for their motion
control For instance, the BDCM must be excited with a six-step switched current 1n
order to develop almost constant torque. Figure 1.1 shows a typical phase a current
excitation waveform for a three-phase BDCM. There 1s a 120° conduction angle 1n

both positive and negative half-cycle, meaning that n BDCM only two phases are on

at a time, which characterizes single-phase operation. The b and ¢ phase current

excitation waveforms are respectively 120° and 240° phase shifted with respect to

phase a. A PWM techmque 1s then used to control the amplitude of the current wave,
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Fig 11 Typical phase a current excitation for a Brushless DC motor

and consequently control the torque magnitude The hysteresis band PWM current
control 1s the most accepted PWM control for this type of machine [1] On the other
hand, the PMSM must be excited with a sinusoidal current Figure 1 2 shows a typical
phase a current excitation waveform for a three-phase PMSM. Notice that 1n this type
of machine there 1s 180° conduction angle in.both positive and negative half-cycle,
1€, the three phases are on all the time, which characterizes three-phase operation
The b and ¢ phase current excitation waveforms are respectively 120° and 240° phase
shifted with respect to phase a. Again, a PWM techmique 1s used to control current
amplitude and consequently to control the torque magnitude, and to eliminate the low
order harmonics and therefore to make the torque smooth. Among many PWM

techniques used for this type of machine are: sinusoidal PWM, hysteresis band PWM
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Fig 1 2 Typical phase a current excitation for a Permanent Magnet Synchronous

Machine

current control, space vector PWM [2]. In both machines, the fundgme{:ntal switching
frequency of the six switches of the inverter will dictate the operation frequency and
therefore the rotational frequency (rotor speed)

Another important 1ssue for BDCM and PMSM control 1s the synchronization
between the stator frequency and the rotor frequency. The precision 1n
synchronization 1s obtained by using the absolute angular position of the rotor The
absolute angular position of the rotor can be obtained through a sensor-based
technique, where an absolute angular position sensor 1s mounted in the machine shaft;

or via sensorless technique [5], [6], where estimation algorithms use the machine



terminal voltage and current waveforms as puts to obtain the rotor position. The
difference between BDCM and PMSM 1n the rotor position requirement comes from
the nature of the back-emf shape In a trapezoidal back-emf, the required rotor
position signal 1s discrete, every 60° interval, which makes the synchronlzétlon much
sumpler and requires less resolution of the rotor position signal. The sinusoidal back-
emf on the other hand, requires feedback of a continuous rotor position signal and
therefore high resolution 1n such signal 1s r,équlred.

Although much research 1s being conducted in order to improve the
inverter/machine overall performance, the control of BDCM and PMSM at low speed
1s well understood [1], [7] However, 1n bc;tf}, BDCM and PMSM, the back-EMF
magnitude 1increases linearly with the rotor speed and consequently after the back-
EMF amplitude reaches the same value as the DC link'\;oltage, at so calléd Base
Speed, the current cannot be controlled any lonwg‘er. Until tiliS point the macl;ine 18
said to be n the constant torque operation Mreglo,n At this speed the mvem;r 01;tput

voltage has reached 1ts maximum value and so has the machine developed power.

From this point on, the machine 1s said to be operating in constant power range .

Unfortunately, the constant power range, without the use of any special control
strategy, 18 very narrow and maximum speed 1s low if the rated current cannot be
exceeded [8] However, hlgh-speéd operation capability 1S a very important feature
especiall){ for electric vehicle applications [9]. Vector control, with so-called field
weakening technique (VCFW), can make the constant power speed range wider by

mtroducing a field current component (14) in the stator current [10], [1,1], [12].



However, this technique requires d-q transformation, and although 1t can readily be
applied to sinusoidal back-emf type of machine (PMSM), 1t cannot be directly applied
to the trapezoidal back-emf type (BDCM) Fourier series can be applied to the square-
wave 1n order to decompose 1t nto sine waves and then apply the d-q transformation,
but this increases the signal processing complexity [13]

Vector Control of PMSM 1s well-understood and largely accepted for the
operation below base speed In this operation region, the machine 1s controlled to
operate with optimum torque/ampere ratio To achieve this operation condition, the
field component of the armature current iy 1s controlled to be zero, and therefore the
armature current 1s only composed of the torque component ;; Beyond the base
speed, the optimum torque/ampere ratio 1s no longer a priority The priority 1s to
accomplish the widest possible constant power operation range The 14 component 1s
then controlled to be negative and therefore produces flux that weakens the air gap
flux, which 1n the constant torque operation range 1s only provided by the permanent
magnets However, the flux produced by the i3 current 1s also proportional to the
inductance of the machine, and 1if the mnductance 1s low, the 14 current must be really
large 1n order to effectively oppose permanent magnet flux Therefore, 1n order for
the armature current not to exceed the current limut of the drive system, the current i,
must decrease as iy increases, which makes the developed torque smaller than the
torque at the rated power. In other words, 1n the field weakening technique, the speed

range 1s machine parameter dependent, 1. e, the maximum speed 1s proportional to



the machine inductance, and therefore a lo;x/ inductance machine will have a low
speed limut.

Another technique proposed to overcome the low speed limit 1s Phase
Advance Method (PHA) [14] This technique was proposed only for BDCM and 1t 1s

successful only for a high inductance BDCM

1.2 Objective of the Research

Recently, the Dual Mode Inverter Control (DMIC) [9] has been proposed to
drive a BDCM over a wide constant power speed range This method was shown to
be effective 1n driving both low and high inductance machines The objective of this
work is to analyze the DMIC and to show its feasibility for drlymg the PMSM. It 1s
also an Ob_]éCthC of this work to compare! ;hle'perfor'mances of DMiC and VCFW
driving PMSM above the base speed with respect to their constant power operation
range widths \

Initially in this work, the PMSM 1s modeled In the sequence, the PHA
method 1s analyzed. Simulation results are given and the reasons of 1ts failure driving
a low inductance BDCM are pémted out. Then, the DMIC driving a BDCM 1s
addressed The similarities and differences between this method and PHA are
presented The effectiveness of DMIC/BDCM drive éystem regarding the width of the
constant power operatl;m range 1s shown through simulation results. The DMIC

concept is extended to PMSM machines and simulation results are given Next,



description, analysis and simulation of the Vector Control (VC) technique with Field
Weakening are given Finally, the explanation of DMIC driving PMSM using dq
model of PMSM 1s given and the derivation of the theoretical limit of the CPSR for
the PMSM drniven by DMIC 1s done éomparlson between DMIC and VCFW
concerning the capability of driving low inductance PMSM 1n a wide constant power
operation range 1s also given The results of this comparison show the superiority of

DMIC over VCFW



CHAPTERII

PERMANENT MAGNET SYNCHRONOUS MACHINE MODELS

I1.1 - Introduction

Regarding excitation, Permanent Magnet Machines can be classified into two
groups. Trapezoidal back-EMF (BDCM) and sinusoidal back-EMF (PMSM) This
difference 1n the back-EMF waveform dictates a different control strategy for each
machine. This work 1s concerned about the sinusoidal excitation machine control 1n
constant power operation range Therefore, the objective of this chapter 1s to present
two models for the surface-mounted three-phase PMSM to give theoretical support
for the proposed control strategy. First, a tﬁlreé-pilase (a, b, ¢) i’MSM mode] 1n the
stationary reference frame 1s presented Ir; sé:quence,[a ihree~phase 1n stationary frame
to two-phase 1n the synchronously rotating reference frame transformation 1s applied,
and the two-phase PMSM model in the rotating reference frame 1s obtained. The
mmportance of these two models lies 1n the fact that the three-phase model n the
stationary frame allows us to show the theory behind the Dual Mode Inverter Control

(DMIC) from the converter point of view while the two-phase model allows us to

show the theory behind the DMIC from the machine point of view



I1.2 — PMSM three-phase model

Figure 2 1 shows the PMSM three-phase model Equation 2 1 describes this

model [15]

I dﬂa (labc 4 er ) —I

., dt R o ol[.] [v,]
/?1,(2;6,0,) ——0 R of|y| +|v, 2.1)
dA.,..6.) 0 0 Rl |val]

a |

Fig 2 1 PMSM three-phase model
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where
Aabe — flux linkages
I, Iy, Ic — phase currents
0; — rotor position

R — winding resistance per phase

Van» Vbn» Ven — terminal phase to neutral voltages

The flux linkages are given by

Al L -M -M][y] [4,]

Al ={-M L -M|||+|¢,
Al |-M -M L lj|il] |@,

J

where
Ls— Self-inductance per phase

M — Mutual inductance

22)

¢.— phase flux linkages established by the permanent magnets

The phase flux linkages established by the permanent magnets are

11



¢, @, cos(PB.) |
8| =| 8, cos(P6, —27/) 23)

(A @, cos(P6, — 472:3)J

where
Om - 1 the amplitude of the flux Iinkages established by the permanent
magnet

P — number of magnetic pole pairs

Since the neutral points are 1solated, the node equation 1n any of the neutral

points Np or N 1s

1, +y,+1.=0 24)
Making
L=L+M 25)

Then, combining Equations 2 2, 2.3, 2 4 and 2.5, the flux linkage equations

become:




21T 0 olfil | d.cosPe) |

Z| =0 L 0f|i| +| 4, cos(Po, ~221) (26)
Al o o 1

t] @, cos(P6, _47r3)J

Finally, substituting Equation 2 6 1n Equation 2 1 and rearranging 1t, the phase

equations are obtained as given below

v, ] [R 0 0l[,] [L © 01d i Pa,g, sin(P6,) |
J =|0 ROy 40 L 0 Zy| | Pag,sin(P6,-274)  (2.7)
1| Par,g, sin(Po, - 47 3l

Vi

!
vl [0 0 Rzl o o L7 |,

The relationship between rotor speed @ and stator speed ®., and rotor

position 0; and stator position 6, respectively are

o, = @, and 6 =& b ' 28)
P P

Equation 2 4 shows that the currents sum to zero, therefore only two of the
three equations above are independent and a second order model can be derived.

Equation 2 9 shows the second order model of the PMSM [9].

13



lC

vl [2R R[] [2L L]d[s,] Pw,g,sm(P6,) ] ’o
[vc,,lj_[R 2R|_][iclj+|:L 2LUZ[‘|_Pa), msm(P@,—“%)h (23)

where v, and v, are the line-to-line armature voltages
The mechanical dynamics of the PMSM are given by

do, (T,-T,-Bw,)

2.10
dt J ( )
de
L=w . (211
=0, N
where

Te — electromagnetic torque
Ty —load torque
B — damping constant

J — rotor 1nertia

I1.3 - PMSM d-q model

In this section a two-phase model of the PMSM i1n synchronously rotating

reference frame 1s presented. This model 1s obtained by applying the Park

14




Transformation [15] to the three-phase model presented mn section 21 This .

v

transformation 1s a mathematical tool that maps the three-phase coupled variables 1n
the stator reference frame into three orthogonal (decoupled) variables 1n any
reference frame In some specific cases, for example, the 1solated wye connected
PMSM, one of the three orthogonal components becomes zero, and therefore the
transformation becomes a three to two phase transformation. It 1s conventent to
choose the synchronous frame as the new reference frame becziuse; the smuémdél
three-phase variables of the stationary %rame become DC quantities and this makes
the analysis simpler “

Equation 2 12 shows a transformation matrix that maps three-phase variables

3 ’

1n stationary frame to three-phase variables in any other reference frame

£ cosd cos(@—z%) cos(\0+2%)-|’f_|
f: =—|smé sm(&—z%) sm(0+2%) f:: ' . (212)

fol] % ' % % meJ

W N

In this transformation, f 1s the variable that undergoes transformation. The
variables fu,, fon, and f;, are the phase variables 1n stationary frame The vanables f;,
Jg» and fy are variables 1n the new reference frame Figure 2.2 shows the phasor
diagram 1llustrating thé abc and dq reference frames. The three new axes quadrature

(q), direct (d) and zero sequence component (0) are stmultaneously orthogonal, where

15



g-axis and d-axis are in the same plane as an, bn and cn axis while 0 axis 1s
perpendicular to that plane If the sum of f,,, fin, and f, 1s zero, then the 0-axis
component 1s zero and the transformation becomes a three-phase to two-phase
transformation In Equation 2 12, the angle 0 represents the angle between the g-axis
and the an-axis as shown 1n the phasor diagram i Figure 2.2.

As noted above, the transformation given 1n 2 12 1s a generic transformation,
1e, 1t maps variables from the stationary frame to a new reference frame, which 1s
displaced by 6, and 6-1/3 angles from that of the old frame The new reference frame
1s defined by the value of © For instance, 1if the angle 6 1s made constant and 1s equal
to zero, then the two-phase machine model 1s 1 the stationary frame If the angle 6
varies at the rate of the synchronous speed, then the two-phase machine model 1s 1n

the synchronously rotating frame.

fbn

fa

fan

f cn
fa

Fig 2 2 Phasor diagram showing abc and dq reference frames
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The two-phase machine model at the synchronously rotating frame 1s obtained
by applying the transformation given by Equation 2 12, in the three-phase model at

the stationary rotating frame with &=@,;. The two-phase machine model in

synchronously rotating frame 1s then given by Equation 2 13
I @13)
o)

where e 1s the back-emf

Notice that this 1s a model for a surface mounted permanent magnet machine,
and therefore the direct-axis inductance and the quadrature-axis inductance are equal
and their value 1s equal to the sum of the self-inductance per phase L and the mutual
inductance M, 1e., the same as given i Equation 2 5

Neglecting rotational losses, the electromagnetic torque 1s then given by
T = > P 2.14
=5 PO, (2.14)

The mechanical variables do not undergo transformation, therefore the
mechanical dynamucs are the same as given 1n Equations 2.9 and 2 10.
Figure 2 3 shows the two-phase machine model in the synchronously rotating

frame

17



(a) g-axis equivalent circuit

(b) d-axis equivalent circuit

Fig 2 3 d-q equivalent circuit in synchronously rotating frame (1)

18



I1.4 — Conclusions

This chapter presented the three-phase model of PMSM in the stationary reference
frame and the dq model of PMSM 1n the rotating reference frame The three-phase
model of PMSM will be used 1n the next chapter to help describe DMIC driving a
PMSM The d-q model of PMSM will be used to describe and to analyze vector
control with field weakening of PMSM 1 Chapter IV, and also to explain why DMIC

works 1n Chapter V
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CHAPTER 111
DUAL MODE INVERTER CONTROL

I1I1.1 - Introduction

As discussed i Chapter 1, the problem in driving a permanent magnet
machine above base speed 1s that the back-emf increases above the DC bus voltage
and therefore no current can be driven mto the machine If current 1s not driven into
the machine, no electrical to mechanical energy conversion 1s possible. Therefore, the
target of any scheme to drive this type'of machine above base speed 1s to find a way
to drive current 1nto the machine 1n order to make the electrical to mechanical energy
converston

The Dual Mode Inve;ter Control (DMIC; 1s a control technique that allows
operation of the Permanent Magnetic Machine over a wide constant power speed
range. This technique was proposed by Lawler et al. [9] and is well described to
drive a\ Brushless DC motor (BDCM). However it seems to be feasible for Permanent
Magnet Synchronoﬁs Machine (PMSM) as well The aim of this chapter 1s to describe
the DMIC and to show 1ts effectiveness driving a PMSM. Initially, Phase Advanced

Method (PHA) driving a BDCM 1s described and simulation results are given. The

description of PHA and the analysis of 1its drawbacks help to explamn the DMIC

strategy. In the sequence, DMIC driving BDCM 1s described and simulated The

20



performances of PHA and DMIC driving a BDCM regarding their capability of
driving low 1nductance BDCM withou exceeding the current limit, are analyzed and
compared. Then the concept of DMIC 1s extended to PMSM, and finally some

simulation results are given showing 1ts feasibility

III.2 - PHA driving a BDCM

The so-called Phase Advanced Method [14] was developed to drive a BDCM
over a wide constant power operation region (CPSR). This technique uses a standard

voltage-fed inverter topology as shown 1n Figure 3 1

QI_K}D, QS_K D, Qs_K Ds

G

Fig 3 1 Standard VFI [14]
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Figure 3.2 shows typical gate signals to fire the transistors Q; and Q4 1n the
PHA method. The back-emf for phase a (es) 1s also shown in this figure. The
transistor control pulses are 6, radians ahead of the instant that phase to neutral back-
emf ey, reaches its maximum value. The angle 6, 1s called Advance Angle and 1s
defined as the angle between the mstant that a transistor 1s turned on and the point
where the phase to neutral back-emf related to that transistor reaches 1ts maximum.
For instance, Figure 3 2 shows the advanced angle between the ;nstant that the
transistor Q, 1s turned on and the instant that phase to neutral back-emf e,, reaches its
maximum positive value This figure also shows the advance angle for the transistor
Q4 and the time that e,, reaches its mimmmum The gate signals for the transistor in
phase b and c are similar to those for phase a, the difference is 120° and 240° delay
for phases b and ¢ respectively. The pulse width of each transistor 1s 120°.

Below base speed, ©, 1s zero and the power driven 1;1to the 'machme
(developed torque) 1s controlled by any PWM method, such as hysteresis current
control However as the speed increases toward the base speed, the PWM controllers
start to saturate, meaning that the current cannot be controlled anymore since the
back-emf has reached the same value as the DC bl;S voltage. In other words, current
cannot be driven into the machine any longer. The Phase Advance Method uses the
fact that during transition from the negative flat portion of back-emf to its positive flat
portion, and vice-versa, the back-emf assumes values that are momentarily smaller

than DC bus voltage in absolute value. Therefore, the PHA technique makes the
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:ea; Angle

»

Fig. 3.2 Gate signal for Q; and Q4 1n the phase advance method [14]

advance angle different from zero, 1 ¢, the transistors are fired while the back emf 1s
smaller than Vdc, and during this time a largé amount of current can be d{'lven nto
the machine and power can be developed. Thl; technique has two main drawbacks:
first, the current increases too much and 1ts overall performance 1s poor The second
1s the negative current that passes through the bypass diodes, caused by the high value

that the back-emf assumes at high speed. At this point the voltage 1s posittve and the

to the power supply. Therefore, the three phases will be conducting all the time, and

the machine loses the single-phase operation mode that 1t had below base speed. The

current 18 negative, i.e , during this time the power 1s flowing back from the machine
|

|

|

|

|
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problem with that 1s that each phase will be operating in both motoring and
regenerating mode Therefore, for a low inductance machine, the motoring and
regenerating currents must be much larger than the rated current in order to develop
rated motoring power

As an example of the PHA performance, consider mverter/machine system

parameters given 1n Table 3.1.

The system described 1n Table 3 1 operating at 5 times base speed [n = N, =5 J,

Table 3 1 Drive system parameters

DC-link voltage 162V
Brushless DC motor Praea =49 5 hp (36,927 Watts), 12-pole, ORNL
Base Speed: Ny, = 2600 rpm
Base frequency* f, =260 Hz
Peak phase-to-neutral back-emf at base speed
Eb=742V
Stator resistance. R;=0.0118 Q
Stator inductance: L =618 uH
Stator mutual 1nductance. M =11.8 uH
Rated peak current: Igeq (peak) = 249 A

Rated rms current. Iiated ms) =203 3 A
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using the PHA method results in current waves given in Figure 33 Instantaneous
total power, power developed 1n phase a, power flowing through phase a transistors,
and power flowing through phase a diodes are given in Figure 3.4. Notice that 1n
order to develop the rated power, the phase a current peak 1s close to 900 A and the
rms current 18 around 600 A, while the rated peak and rms currents are 249A and
203 3 respectively From Figure 3 4, one can see clearly that during certain period of
time the machine 1s regenerating, and therefore much more motoring power must
flow to the machine 1n order for the net power/cycle to be the motoring rated power

In other words, the system 1s operating 1n a very low power factor

1 OKr--- --- -- -~
Phase A Current and Back EMF

Ipk = 888 4 amps
Irms = 617 S
I T e e e e [

1.0KA

-1.0Ka

o I(DS1)- I(DSu)
1.0KA T
Phase A Current Floving through Bypass Diodes

D1 1

SELD) |
-1 OKR-- came- - --n
0.7692ns 1 0000ms 1 5000ns 2.0080ns 2.3077ns
o I(D4)- 1(D1)

Fig. 3.3 Current 1n phase a, transistor Q; and Diode D, for n=5 and 6, = 50°
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BODKY - m = e e e .

Pover Flowing through Phase R Bypass Diodes

P [Ty IR SEpU, - LTSy U

SEL»IJ . J avg = -59,500 "\ J . J N
-300KW © g

=
0 7692ns 1 0000ms 1.5000ns 2.0000ns 2.3077ms

o ( U(14)- u(17))=( I(Dy)- I(D1))
Time ~

Fig 3 4 Instantaneous total power, phase a power, and power flowing through the

phase a transistors and diodes for n=5 and 6, = 50°

The increase 1n current causes two problems First, the switching device
current ratings must be increased The second problem 1s related to electrical losses,
which are proportional to the square of the current, i e , a substantial increase 1n the
current will lead to an even more substantial increase 1n the electrical losses These
are the two main facts that make the PHA method not viable for low inductance
BDCMs

The performance of the PHA can be improved 1if a high inductance BDCM 1s

used If only a low inductance machine 1s available, then external inductances can be
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inserted 1n series with the BDCM, but this will require increases of the Vg because of
the voltage drop 1n the external inductances, and 1t will also make the whole system
bulky. Because of the voltage level sensittvity of the PHA method, 1ts application for

electrical vehicles 1s difficult

II1.3 - DMIC driving a BDCM

The PHA method described in the previous section 1s not effective in driving a
low inductance BDCM 1n the high speed, constant power range. The main problem
with thus method 1s the bypass diodes of the conventional VFI Below base speed the
voltage potential of the 1dling phase voltage 1s always smaller 1 absolute value than
the positive or negative rails of the dc supply. Therefore, after the commutation
period, the bypass diodes are reverse biased, and the transistors as well as the bypass
diodes in the 1dling phase are off, which configures a single-phase operation
However, above base speed the voltage potential of the 1dling phase 1s greater mn
absolute value than either the positive rail or the negative rail of the dc supply
Consequently, the bypass diodes 1n the 1dling phase are forward biased. As a result,
there 1s not an 1dling phase at any tume, 1 e, each phase current in the motor 1s
contributing both motoring and regenerating power. If the motor inductance 1s low,
then the current magnitude for both motoring and regenerating components are much

larger than the rated current.
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The DMIC controller works 1 the direction of avoiding the forward biasing of
the bypass diodes [9], 1e, keeping the single-phase operation of the BDCM also
above base speed. In order to achieve that, the converter configuration as well as the
control (firing scheme) 1s different from those of the PHA controller Figure 3 5
shows the mverter topology used by the DMIC

The configuration of the converter in DMIC method 1s basically a standard
VFI, connected to a thyristor-based ac voltage controller. The output of the thyristor-
based ac voltage controller 1s then connected to the BDCM The principal function of

the thyristor-based ac voltage controller 1s to avoid the forward biasing of the bypass

Q Qs Qs
D; D; ps Iu
a
Ty
Vde T3
— b
T
Ts
c
Qs Qs Q t T;
l)4 D6 D2

Fig. 3.5 Inverter Topology for the DMIC [9]
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diodes, 1 ¢, once the phase currents n the outgoing phase reach zero, the thyrstor
shuts off independent of the voltage potential of this phase. Therefore, there will be
no regeneration through this phase, and the single-phase operation of the BDCM 1s
assured.

Figure 3.6 shows the firing scheme for the motoring mode of the DMIC. The
gate signals to fire the switches 1n phase a, 1 ¢, transistors Q; and Qq, and thyristors
T, and T4 are shown

Notice that in the DMIC a firing sequence 1s required for both transistors and
thyristors The firing sequence 1s similar to the sequence for PHA method, but the
advance angle 1s defined relative to phase-to-phase back emf and dc supply voltage
crossing pownt In contrast to the PHA method, where each transistor always conducts
120°, 1n the DMIC the transistor conduction interval can vary from 120° to 180°. The
conduction interval 1s controlled by the blanking angle 8. The main reason to use a
variable conduction interval 1s to maximze the electrical to mechanical power
conversion above base speed. This maximization 1s achieved because during the
commutation tiume, the phase current in the outgoing phase may be large, but
decreasing 1n magnitude because the back-emf 1s now higher than V4. But, although
the phase current 1s decreasing, it 1s contributing in a large amount to motoring power
(both, high current and voltage have the same sign) If the transistor 1s turned off, 1.
8,=60°, the current of the outgoing phase will commutate to the bypass diode of the

oppostte transistor and the oppostte rail voltage will then be applied to the machine.
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Fig 3.6 Firing scheme for motoring mode of DMIC driving a BDCM [9]
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This commutation will make the voltage difference between the machine back-emf
and the inverter voltage higher, and therefore current will decrease very fast. If the
transistor 1s allowed to be on for a long period, 1¢ 6,<60°, the same rail voltage will
be applied to the machine, the voltage difference between the machine back-emf and
the inverter voltage will be lower, and as a result, the phase current will decrease
slower Therefore, the period with high voltage and high current will be enlarged and
the outgoing phase will contribute to the electrical to mechanical power conversion
longer, increasing the overall performance of the system at a few rms amperes
increasing cost However, 1t 1s very important that at speeds slightly above base speed
that the blanking angle does not decrease to very small values At these speeds the
back-emf 1s shightly bigger than Vg4, and if the blanking angle 1s too small a
commutation failure may occur, 1 e, the current may not reach zero and commutation
will not happen

In order to compare DMIC with the PHA, the same drive system (Table 3.1)
was simulated using DMIC at 5 times the base speed (n=5) Figure 3 7 shows the
phase a current, phase a back-emf, current flowing through the transistors 1n phase a,
and current flowing through the bypass diodes in phase a Notice that in order to
develop the rated power the phase a current peak 1s 271 A and the rms current 1s
191 6 A, while the rated peak and rms currents are 249A and 203 3 respectively The
current through the diode 1s zero, 1e, the period with regenerating power was
effectively avoided by the ac-voltage controller Instantaneous total power and power

developed m phase a are given 1in Figure 3.8.
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Fig 3.7 Current 1n phase a, transistor Q, and Q4 and Diode D, and Dy

for n=5, 6, = 36 6°, By = 20°

ook Instantaneous Total Pover
506KV
o
Pavg = 36,927 vatts
-50KU
o U(48)

Instantaneous Pover Developed 1n Phase A
(ail floving through the transistors)

WW

avg = 12,310 vatts

SEL>»>

8 8ns 1 ;'l-s 1 2ns
o I(LA)=( V(17)- U(19)~ V(20))

Fig. 3 8 Instantaneous total power, phase a power (transistors) for n=5, 0, = 36.6°, 6

=20°
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II1.4 - DMIC driving a PMSM

In Section III 3, DMIC was proven to be effective driving a low inductance
BDCM It was shown 1n the previous section that three factors are vital for the DMIC
effectiveness, two are related to the firing scheme and one 1s related to the inverter
topology. The first related to the firing scheme 1s the advance angle, which allows
current to be driven into the machine during the time the phase back-emf is smaller
than DC link voltage Vdc The second related to the firing scheme 1s the blanking
angle, which maximizes the power conversion process by increasing the on time of
the transistors and therefore slowing the rate of decrease of the current 1n the outgoing
phase The factor related to the inverter topology 1s the reversed blocking capability
given by ac-voltage controller, which 1s used to avoid the regeneration when
motoring 1s desired

The aim of this section 1s to show that the same principle can be applied to
Permanent Magnet Synchronous Machine (PMSM), which has sinusoidal back-emf,
rather than trapezoidal back-emf like the BDCM The biggest difference between
these two machines, from the drive point of view, 1s that the BDCM operates at
single-phase (120° conduction) below base speed and the PMSM operates at three-
phase (180° conduction). Therefore, the DMIC philosophy for PMSM will be
different than for the BDCM The DMIC method keeps the single-phase operation

(less than 180° conduction) also above base speed for BDCM However, for PMSM,
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the DMIC will change the three-phase operation below base speed to single-phase
(less than 180° conduction) operation above base speed

The 1nverter topology for DMIC driving a PMSM 1s 1dentical to that one
driving the BDCM and 1s given m Figure 3.5 The firing scheme for DMIC driving a
PMSM 1s given 1n Figure 3.9. The gate signals to fire the switches in phase a, 1 ¢,
transistors Q) and Qu, and thyristors T; and T4 are shpwn. In this schemé, as in DMIC
dniving a BDCM, the advance angle 6, 1s measured relative to the phase-to-phase
back-emf and DC surpply voltage crossing point. The conduction angle starts at 180°
at base speed, and slowly decreases toward 120° n such a way that the single-phase
operation 1s reached and corﬂmutatlon failure 1s avoided This control 1s made
possible by controlling the blanking angle 6, The thyristor-based AC-voltage
controller interfaces the standard VFI and the PMSM Therefore, by shutting off as
thé current reaches zero, the thyristors avoid the current reversal and the resultantﬁ
regeneration that occurs due to bypass diode conduction

The DMIC/PMSM system was simulated 1n order to evaluate the DMIC
efficacy driving a PMSM. The system 1s the same as the one given 1n Table 3.1
However, the machine 1s a PMSM, 1.e, a smnusoidal back-emf type of machine,
_ therefore, considering the same peak phase-to-neutral back-emf at base speed
(Ev=74 2 volts), the equvalent rated power 1s 31,980 W and the rms current 1s 176 A.
The machine simulated was then a PMSM, but with the same parameters éor the

BDCM as given 1n Table 3.1 The system was simulated at 5 times the base speed
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Fig 3 9 Firing scheme for motoring mode of DMIC driving a PMSM
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(n=5) Figure 3 10 shows the phase a Cl;rrent, phase a back-emf, current flowing
through the transistors 1n phase a, and current flowing through the bypass diodes 1n
phase a. Notice that 1n order to develop 36,800 W the phase a current peak 1s 277 7 A
and ihe rms current 1s 187 A, while the rated peak an,d rms currents are 249A and 176
A respectively Therefore, the machine developed 15% more power at a cost of 11%
and 6% more current than the rated peak and rms currents respectively The current
through the diode 1s zero, 1e., the period with regenerating power was. effectively
avoided by the ac-voltage controller. Instantaneous total power and power developed
1n phase a are given 1 Figure 3.11. However, the pulsating torque, which follows the

pulsating power, 1s high, but 1t will be filtered out by the load/machne mertia

+f Phase A Current and Back EMF
—~58

Ipk =277.7A
Inms =187 A

Current Flowing through Phase A Transistors

Current Flowing through Phase A Bypass Diodes

400

400 | | |
6 1ms 6.5ms 7 0ms 7.5ms
, Time

Fig. 3.10 Current in phase a, transistor Q; and Diode D; for n=5, 8, = 42°, 6, = 20°
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0w |
-100 KW Pavg = 36,800 Watts
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RN

-400 KW Pavg = 12,270 Watts

I T
6.1 ms 65ms 7.0 ms 7.5ms
Time

Fig. 3 11 Instantaneous total power, phase a power (all flowing through the

transistors) for n=5, 0, = 42°, 6, = 20°

II1.5 — Conclusion

The Phase Advance Angle (PHA) method driving a BDCM was described,
and 1ts nefficiency for low inductance machine was shown The deficiency of this
method was pointed out as being the conduction of the bypass diodes, which allowed
regeneration when motoring action’' was.desired. In sequence, the DMIC driving a
BDCM was presented The DMIC principle was then described. The main differences
between DMIC and PHA were highlighted It was discussed that the DMIC method 1s

more effective in driving a low inductance BDCM mainly because of 1ts capability of
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CHAPTER IV’

FIELD WEAKENING TECHNIQUE FOR PMSM

IV.1 - Introduction

The Vector Control (VC) technique 1s used to achieve DC machine like

performance/dynamic response in AC machines [16], [17], [18]. In a DC machine, the

field current and the armature (torque) current are orthogonal and therefore
- decoupled In other words, the currents can be controlled independently, without one
affecting the other This decoupling allows fast dynamic response for DC machines
The theory behind VC of AC mﬁachmes r‘elles on the dq-model of these
machines. Therefore, the dq model of the PMSM will be used 1n order to describe the
VC of PMSM. As discussed in chapter 2, the dq model of the PMSM leads to two
equivalent electric circuits' the g—axis equivalent circuit and the d-axis equivalent
circuit The current 1g, 1n the g—axis equivalent circuit is the torque component of the
stator current, and 1s analogous to the armature current in a DC machine The current
14, in the d—axis equivalent circuit 1s the field component of the stator current, and 1s
analogous to the field current in a DC machine In VC applications, these two current
components are controlled independently, 1e., one control loop controls the torque
component of the armature current and another controls the field component of the

armature current
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The objective of this chapter 1s to review VC of PMSM Imitially the machine
voltage equations are given and analyzed The analysis of these equations 1s helpful to
understand the effect of 14 and 14 1n the machine. Then, the analysis of the machine
operation regarding the current and voltage Iimits 1s given This analysis allows
understanding of how the current and voltage constraints define the range of the
constant torque and constant power operation regions Moreover, this analysis reveals
the best strategy to control the 14 and 14 currents n order to make the constant power
operation range as wide as possible Finally, the PMSM drive system with VC that
operates in both, constant torque and constant power operation regions 1s given and

carefully described Simulation results of this system are also given.

IV.2 - Vector Control of PMSM

The Vector Control Technique uses the d-q model of the PMSM shown 1n
Figure 4 1 (same as Figure 2 3).

The voltage equation for g-axis equivalent circuit 1s
di dr
v, =P Ly, +R, +L711+Pw,¢m =P, Ly, +Ri, +L7"+e “41)
t t

where

e - the back-emf, which 1s proportional to the speed @, and the rotor

magnet flux Om (e = Pw,g,)
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(a) g-axis equivalent circuit

(b) d-ax1s equivalent circuit

Fig 4 1 d-q equivalent circuit 1n synchronously rotating frame (II)
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r

, ‘
o, = P - rotor speed

P — number of pole pairs
L=L +M
The voltage equation for d-ax1s equivalent circuit is*

v, =Ri, + L%’ +Pa, L, ~ 42)

Figure 4.2 shows the phasor diagram representing the above equations. The d-
axis 1s aligned with the rotor magnet flux Qy,.

The electromagnetic torque 1s then given by.

T,=2Pg;, | 4.3)

¢

As shown 1 Equation 4 3, the ellectromagnetlc torque 1s proportional to the
magnet flux ¢y, and to the quadrature component of the stator current iq

In a ISMSM, the field is provided by the permanent magnets and 1s constant;
therefore no ﬁéld compopent of the armature current 1s required. However, because
the field is constant, as the rotor speed increases, the back-emf also incre’aées, which

makes 1t difficult to have electrical to mechanical power conversion with acceptable
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Fig. 4 2 Phasor diagram showing the variables of the d-q model of the PMSM

current level above a certain speed level Therefore, the control of PMSM must be
divided into two operation regions Constant Torque Operation Region (CTOR) and
Constantf Power Operatton Region (CPOR)

The constant torque operation region 1s defined as the region where the back-
»emf 1s lower or equal to the maximum output voltage that car; be provided by the
inverter and the DC link voltage. The speed at the end of this operation region, 1 e.
where the back-emf 1s equal to the maximum voltage provided by the nverter 1s
called Base Speed (@) Within this reglonJ the machine can provide up to rated

torque, at any speed. In order to achieve optimum torque/ampere 1n this region, the
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field component of the armature current z4 1s held at zero, and the torque component
of the armature current 14 1s controlled according to the desired torque [19], [20], [21].

The idea behind vector control of the PMSM, which was qualitatively
described above, can be easily understood by analyzing Equations 4.1, 4.2 and 4 3 In
steady state, 1f optimum torque/current ratio 1s desired, then i 1s held at zero, and

Equations 4 1,4 2 and 4 3 become

v, =Ry, +Pw.g, 4.4

v, = Po, L, 45)
3

T, = 5P¢mzq (4 6)

The vq and vq voltages are then controlled to provide the iy necessary to

develop the desired torque

However, as the speed increases the back-emf given by Pw,g, also increases
At the base speed, the inverter output voltage reaches its maximum value and
therefore v4 and vg4 cannot be increased further This is the begmning of the Constant
Power Operation Region In this region, rated torque cannot be provided anymore,
and the maximum developed torque decreases as speed increases. In order to oppose

the effect of the constant flux provided by the permanent magnet, 14 1s controlled to be
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negative The effect of 14 1s to weaken the ar gap flux, which was previously
provided only by the permanent magnets This 1s the reason that this region 1s called
the Field Weakening Region

The strategy of controlling 4 1s what dictates the range of this region If 14 15
held to zero, as the speed 1néreases the back-emf will also increase, making 14
decrease quickly, and therefore the operation range above base speed will be very
narrow Therefore a different strategy to control zg and ¢q 1s required to make this
operation range wider [22]-[31]

In CPOR optimum torque/current ratio 1s not a priority anymore, 4 1s different

from zero and 1n steady state the machine voltage and torque equations become

v, = Pw, Ly, + Ry + Po,g, 4.7)

v, =Ry, +Po,Li, (48)
3

T,=>Pg, (49)

Notice in Equation 4 7 that 1f 14 1s negative, then the component Pw,Li, will
oppose the permanent magnet induced voltage Pw,g,, allowing iy to flow. From

Equation 4.9, 1t may seem that there 1s no change 1n the torque as z; becomes different
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from zero However, what this equation does not show 1s that as iy increases 1n
absolute value, 1; must decrease 1n order to obey the current constraint, which will 1n
turn decrease the developed torque. Analysis regarding this constraint will be given 1n

the next section.

IV.3 — Analysis of limits of operation of PMSM with Vector Control

The previous section described how to obtain DC machine-like performance
of the PMSM. However, the operating limits of the VC of PMSM was not taken 1nto
consideration Analysis of such limits will now be done Although, there are many
limuts related to the DC link voltage (battery), inverter, machine, mechanical
coupling, and so on, 1t 1s assumed that the most restrictive limits are imposed by the
Dé link voltage and currént ratings of the mverter devices. The analysis of these

limuts will lead to power/torque-speed operating envelope of the PMSM.

IV.3.1 - Voltage and current limits

First, consider the current *ratmgs of the inverter switches at maximum
allowed machine stator current In.. The max1mun£ allowed current can then be
represented 1n the synchronously rotating frame i5-14 plane as a circle centered at the
origin and with radius Iy, Normalizing the maximum current to unity, the circle 1s
then centered at zero with radius 1. The interior of this circle represents the locus

where ~current regulators can generate any normalized current phasor without



exceeding the current limits of the drive system Figure 4 3 shows the current lumit as
well as a typical armature current phasor I operating within this lumut.

The other operation limut that must be considered 1s the maximum output
voltage provided by the inverter. The output voltage of the inverter 1s a function of
the DC Iink voltage. In VC, the ability to control the stator current 1s critical. This
ability to control the current 1s given by the PWM operation of the inverter, and 1t 1s
lost 1f the 1nvert;:r switches saturate. Therefore, the inverter must operate within the
so-called undermodulation region of the PWM

In PWM operation, modulation index m can be defined as the ratio ;‘:f the peak

value of the fundamental voltage generated by the modulator and the peak value of

Current
limit circle

-1.

Fig 4 3 Normalized current limit circle in the synchronously rotating reference frame
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the fundamental component of output voltage at square-wave operation [32], [33]

The modulation index 1s then given by Equation 4 10

me— (4 10)
Vlsw
*
Vo =i (4 11)
T
where

V" - Peak value of the fundamental voltage generated by the modulator
Visw — Peak valued of the fundamental voltage at square-wave

operation

Notice that with modulation index defined by Equation 4 10, its value varies
from O to 1, 1 being the value for square wave operation The maximum value of the
modulation index that characterizes undermodulation region operation depends on the
PWM algorithm If stnusoidal PWM with the addition of triplen harmonics or if space
vector PWM 1s used as the PWM algorithm, then the Iimit of the undermodulation

region 1s given when the modulation index 1s [33], [37], [38]

=0 907 (4 12)
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Therefore, for VC of PMSM, the maximum peak value of the inverter output

voltage as function of the DC link voltage 1s-
(4 13)

On the other hand, the machine termunal voltage amplitude 1s given by

2

V,?=(PLwy, +Ry,) +(Pw,@, + PLw,i, +R1,)’ (4 14)

where V; 1s the applied armature voltage

Neglecting the armature resistance and rearranging equation 4.14, 1t becomes

(—PZ;LJ =(tq)2+(%+zd) : (4 15)

Therefore, Equation 4.15 represents the voltage relations in terms of the

currents g and 1q. This relation can then be represented 1n the synchronously rotating

frame 1414 plane as a circle centered at (—%",O) and with radius % The radius
W

r

1s proportional to the applied armature voltage V, and inversely proportional to rotor
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speed @; It 1s 1mportant to notice that for a given V,, the radius of the circle decreases
as the speed increases

The operation limut established by the DC link voltage can be determined by
substituting the applied armature voltage V, 1n equation 4 15 by maximum peak value

of the inverter output voltage from equation 4 13. This limut 1s given by
2 2
(———\/gv"‘ J =(zq)2+(£)ﬁ+zdj (4 16)

Equation 4 16 represents the famuly of circles that limit the operation of the
PMSM due to the DC link voltage constramnt In other words, for each speed there
will be a voltage limit circle Notice that as the speed increases, the circle shrinks

Figure 4 4 shows three examples of the voltage circle limit for speeds @y, @, and

;3 Where 3 15 bigger than wy, and 18 bigger than .

The two constraints discussed above must be combined 1n order to define the
drive operation limits. Notice that since the two constraints must be satisfied, the
drive operation imut will then be defined by the intersection of the two circles defined
by the current and voltage limits.

Figure 4.5 shows the two constraints for PMSM drive system. The current
limut circle and the voltage limut circle are given. In this figure, the shaded area
represents the operation region where the machine can operate at speed @, 1 €, any

armature current vector can be generated by the controller within this area and
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Voltage
limit cireles

@1

ia

Fig 4 4 Voltage limut circles 1n the synchronously rotating reference frame

therefore any torque/speed associated with this current can be provided. The voltage
limit circle 1 continuous line 1s the voltage limut circle for base speed (@ = )

In order to understand the operation of VC of PMSM drnive system and its
operation limuts, the analysis will be divided 1nto two parts, the constant torque region
and the constant power region Analysis of the best armature current vector trajectory

will also be given
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Fig 4.5 Current circle imut and voltage limit circle for PMSM drive system

IV.3.2 - Constant Torque Operation Region

In a PMSM, the magnetic field 1s provided by the permanent magnets, and therefore _
optimum torque/ampere ratio 1s obtained 1f the armature current 1s composed only of
1ts torque component In other words, the controller should control the machine 1n
such a way that the iy component of the armature current 1s zero, while the ig
component 1s proportional to the desired torque. This principle can be graphically

observed by looking at Figure 4 6. Tile condition of maximum torque/ampere ratio
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will be achieved by having the armature current trajectory along the 14 axis, as shown
in the figure.

Figure 4 6 shows examples of armature current vector The current I 1s in the g-axis,
and therefore 14 1s Zero. I; then represents a typical operation point where the voltage
apphed to the machine 1s V;, which 1s smaller than V,,., The armature current I; 1s
smaller than I, and the machine 1s providing a torque T, at speed ®;; Notice that
the same torque T can be provided by the same current I;, but with different

combinations of V; and @y, 1.e. lower or higher speeds can be reached by varying V,

Voltage .
limit circle 1q
1 Current
limit circle
I,
A
I Lmax
—o- —
A 1
L
Orp

Fig. 4.6 Armature current trajectory for vector control of PMSM operating in CTOR
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In the oi)eratlng point I, the machine 1s operating at maximum or rated torque At this

point any combination of the applied voltage V; and speed @, can be used However,

there will be a speed that will allow the voltage limut circle to pass through the point »

where the current Iimut circle crosses the g-axis. This 1s the maximum speed where

the rated torque can be developed This speedf 1s the aforementioned base speed @y, '

The base speed 1s the limit of the constant torque operation range Below this speed,

the machine can provide the rated torque at any speed, but beyond this speed, the

rated torque cannot be provided any longer, and this 1s the beginning of the constant ,
power operation region It 1s important to notice that 1n general the base speed 1s
defined as the speed where the maximum circle voltage 1s provided by square-wave
operation of the inverter However, as mentioned before, at square-wave operation the
inverter loses 1ts ability to control the current, which 1s a requirement for VC and fast
dynamic response of the system Therefore, for vector control, the maximum voltage
circle 1s defined 1n the 1‘1m1t of Fhe undermodulation operation region of the inverter
The base speed for vector control will then be 93 % smaller then the generally
accepted base speed Another 1mf>ortant obslervatlon 1s that a well-designed PMSM
drnive system using VC will have the maximum voltage limut circle and the maximum
circle current crossing at the same point on the g-axis. Any different design will be

over designing the system either from the voltage or current point of view
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IV.3.3 - Constant Power Operation Region

As the speed increases beyond the maximum speed, the voltage limit circle
passes through a pont where the maximum current circle crosses the i, axis, ‘the
voltage limut circle shrinks and the maximum torque can no longer be provided It 1s
important to emphasize that before this Ipomt ihe current command ig was zero and the ’
currerL1t command 13 was proportional to the desired torque. However, frorq this point
on, although the current limit may not be violated, the controller cannot controi the
current 1n a way that the rated torque 1s pr6v1ded, and the command currents 14 and i

must be changed

IS s .

There are many different ways to control the 14 and Iq currents For instance,
consider that the current c;)m;rland will be controlled to be 1n the limut of the voltage
Iimit circle, and 1nside the current limit cucie; however, optimum torque/ampere ratio
1s desired and therefore iy will be controlled to be zero. Figure 4 7 shows three

operation points for speeds @, @y, and 3 with this control strategy Notice that as

4 I3

the speed increases from @ to @y, and from @y, to @3, and the voltage limut circle

2
i

shrinks, and therefore the maximum torque that can be deveioped also decreases At
speed @3, the voltage limut circle 1s tangent to the 1q axis and the machine cannot
provide any torque at this speed or higher. Therefore, if the current command

trajectory 1s along the 14 axis, the range above base speed in which the machine can

provide torque 1s very narrow
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Current
limit circle

Voltage
limit circle

Fig. 4 7 Armature current trajectory for vector control of PMSM operating in CPOR

with 14=0

Consider as an alternative for the previous current command trajectory, tl;e
trajectory that does not keep the iy component of the command current zero A
possible current trajectory as the speed increases 1s along the current limit circle
Figure 4 8 shows this trajectory In this trajectory, the 14 component of the current
command 1increases negatively. In order to stay within the current limut circle, the 14

.component must decrease, which causes the developed torque to decrease. However,



Current
limit circle

Voltage
limit circle

Fig. 4 8 Armature current trajectory for vector control of PMSM operating in CPOR

with field weakening

in this way the decreasing rate of the torque as the speed increases 1s smaller,
meaning that the range that the machine can operate above base speed 1s wider

The armature current vectors I;, I, and I; are examples of the currents 1n this
trajectory Notice that they have nonzero iy and iq components, unlike the previous
trajectory In thus case the optimum torque/ampere is not achieved anymore. However

torque can be developed at higher speeds. For instance, as shown 1n Figure 4.7, 1if the

machine 1s required to operate at speed 3, by using the trajectory along the g-axis,
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there would not be any 14 current, and therefore the machine would not be able to
develop any torque On the other hand, if the trajectory along the current limut circle
1s used, as shown 1n Figure 4 8, the 1, current would be Ij; and a considerable amount
of torque would be developed.

The objective of the field weakening technique 1s then to control 1y and i
current 1n such way that the machine can develop constant power The power, speed

and torque relation 1n the machine shaft 1s given by.

— Prared (4 17)

LY

In constant power operation region, the power 1s constant and thus, the torque
profile as a function of speed 1s a hyperbola If rated power 1n the constant power
operation region 1s desired, then the current 14 should be controlled to provide torque

as given 1n Equation 4 17, 1 e, i must be controlled as

=21, (418)
a,

r

Therefore, to keep the current satisfying the two constraints described above,

the 14 current has to be controlled following Equation 4 19.
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Neglecting the losses, 1f the machine 1s operating at hugh speed at no-load

‘condition, 14 current 1s required to be zero, however the flux still has to be weakened

and the i4g current has to be controlled as follows:

7 =—l[ m o J (4 20)

Therefore, to attend the load and no-load operation conditions described

above, the 14 current must be controlled as given 1n Equation 4 21.

i v, ) i (v -
b el g Y | Jmax _ 4.21
! L("’ Pa),] LImnx(Pa) ¢"’J @20

r

- However, even 1f using the 1q and z4 currents given in Equations 4.18 and 4.21,
the constant power operation region will have a maximum speed max. This speed

will depend on the machine parameters. Analysis of Figure 4.8 gives a qualitative

1dea of the imut of the CPOR. The center of the voltage limit circle 1s (—%") The

NG

——4dc As mentioned before, as the speed
3Pw,L

r

radus of the voltage limit circle is
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1ncreases, the radwus of the voltage limut circle decreases The radius then goes to zero
when speed goes to infinity. Therefore, there will always be a voltage limit circle
within which the machine can Qperaté. However, as discussed previously, the current

limt also must be satisfied, and therefore, the operating current vector locus 1s the
area defined by the intersection of the two limut circles  Therefore, 1f 1, 2%”-,‘

which means that the center of the voltage limut circle will be either 1n the current

ilmlt circle or mside of 1t, then the CPOR 1s theoretically infimite On the other hand,

max

if I < % , then the intersection will vanish-at finite value of @, If the inductance 1s

large enough, the constant power speed range can be infimite There will be a
maximum speed at which the machine can develop rated torque. This speed is called
critical speed oy and 1s the limit of the CPOR. Therefore, the constant power range
then starts at @y, and ends at ®. ‘From Equations 4 18 and*4.19, and not exceeding

the inverter current limut, the critical speed @ 1s found as:
)2
W, ==/ _g . 4.22)

The analysis done in this section leads to the maximum torque-speed

operating envelope shown 1n Figure 4 9.
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Fig 4 9 Maximum torque-speed and power-speed envelope

IV.4. — System Description of Vector Control of PMSM with Field Weakening

Operation

The physical principle of the VC of PMSM operating at CTOR and CPOR
with field weakening was addressed 1n the previous section This section will describe
how this system can be implemented Figure 4.10 shows a typical block diagram of

VC of PMSM with closed loop speed control. The system can be divided into two
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parts, the power subsystem, which 1s composed of the PMSM, the VFI, and the DC
link voltage (battery)

The other part 1s the signal subsystem, which 1s composed of a position
sensor, feedback signal computation, PWM algorithm, current control loops, speed
control loop, and vector rotator Each element of the signal subsystem will be briefly
described

The phase currents i, and 1, as well as the rotor position 6; are sensed to be the
inputs of the feedback signal computation block Notice that because the machine has
a neutral 1solated connection, only two current sensors are required and the current 1,

can be calculated as

1, =—(,+1,) (4 23)

The currents 14 and 14 are then calculated using line currents 1,, 1, 1, and the
rotor position 6; through equation 4 24. This operation 1s called inverse Vector
Rotation (VR') and 1t maps the machine variables from three-phase stationary

reference frame to the two-phase rotating reference frame It needs high resolution of

the rotor position
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(4.24)

Notice that because the machine has a neutral 1solated connection the 19
component will be zero

The speed o 1s calculated using equation 4 25

dé
w, =—7L 425
= (4 25)

The drive system shown in Figure 4 10 1s sensor-based, it uses a position
sensor to obtain the rotor position of the PMSM In sensorless PMSM control, voltage
sensors are used, instead of position sensor [32] In such a case, the signal
computation block uses the machine terminal voltages and currents to estimate the
rotor posttion as well as the rotor speed There are many different rotor and speed
estimator algorithms proposed in literature Although 1t 1s an interesting area,
sensorless PMSM control 1s not 1n the scope of this work.

The feedback signals are used by the control loops There are three control
loops, the 14 current loop, the i current loop, and the speed loop, which 1s an outer

loop of the iq current loop Equation 4 26 gives the output of the speed PI controller.
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L =K, (@ -0)dt+K,, (0, -0,) (4 26)

where
K1 — Integral constant for the rotor speed controller
(or* — Rotor speed command
®; — Actual rotor speed

Kqp — Proportional constant for the speed controller

Equation 4 27 gives the output of the iq PI controller
v, =K, J.(zq*—zq)dt+Kq,,(tq*—,zq)+vq0 427

where
K1 — Integral constant for the i; controller
*
13 —1g command
1q— Actual ig
Kgp — Proportional constant for the 14 controller

v,0 =Pa,¢, decoupling voltage

Equation 4 28 gives the output of the 14 PI controller.
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v, =Ky [0 =1)de+ K p () =1,) v, (4.28)

where
Kai1 — Integral constant for the iy controller
*
g — I command
1q — Actual iy
Kgp — Proportional constant for the 14 controller

V4o =—Pw, L1, - decoupling voltage

The voltages vy and vy are called decoupling voltages. They are used to
decouple the iy and 14 control loops [10], 1 e, they allow independent control of 14 and
Iq currents

For operation with the field weakening operation the iy command must be a
function of the rotor speed o If the machine 1s operating below base speed, the ig
command must be zero, however, if the machine 1s operating above base speed, 4

command will follow equation 4 21 The ;4 command 1s then given by equation 4 29.

else (4 29)
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The outputs of the controllers are the command voltages vq and vq However,
the amplitude of the vector defined by these two command voltages cannot exceed
the maximum 1nverter output voltage. If this occurs, the current controllers will
saturate The saturation of the current controllers will mean coupling between them,
and the system will lose the fast dynamic response In order to avoid the saturation of
the controller, the command voltages vq and vq are compensated The compensated
values of vq and vq are vy and vqc This compensation gives priority to the control of 14
rather than i If the amplitude of the vector defined by command voltages exceeds
the maximum inverter output voltage, the amplitude of the vq4. 1s made equal to vq4, and
Vqe 18 the value that will make the amplitude of vector defined by vy and vq equal to
the maximum 1nverter output voltage. The only condition that will make vy smaller
than vg 1s whenever the decoupling voltage v 1s large, and the vector defined by vy
and vqo has amplitude larger than the maximum nverter output voltage. In this case,
Vqo has priority over vy. Equation 4 30 uses 1f-then statements to explain the approach

of the voltage command compensation discussed above

*2 l2 2
f v, +v, SV.° then

x * *
Ve =V, and v, =v,

c

‘2 *2
elseif v, +v, <V, 2 then

* * max* 2 *2 (4.30)

=v, and v, =V, -,

vd max

(s
else

* 2 2 *

vdc = Vmax —qu and vqc = qu
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The compensated command voltages are in d-q rotating frame and must be
mapped to the abc stationary frame The d-q rotating frame to abc stationary frame is

done using the Vector Rotator (VR) given 1n Equation 4.31

v ] cos 6. sin g, 1 ch*_l

Vo | =|cos(6,-274) sin(6,-274) 1 v, 431)
ol [cos(0,+224) (6, +22) 1%l

The command voltages in abc stationary frame are then fed to a PWM
algonithm to generate the gate signals for the VFI switches There are many PWM
algorithm options, among them, sinusoidal PWM and space vector PWM are the most
popular Description of this algorithm 1s not in the scope of this work, but 1t can be

found 1n [34] — [40]

IV.5 — Simulation Results of Vector Control of PMSM with Field Weakening

Operation

Vector control of PMSM with field weakening was described and analyzed in the
previous sections. A SIMULINK model of the system described in section IV.4,
Figure 4 10 1s built (Appendix 1) [41], [42]3 [43] The system parameters are given 1n
Table 4 1. The PWM algorithm used 1s the space vector PWM. The motor parameters

used are of a PMSM equivalent to the brushless DC motor used 1n Chapter 3 (Table

68



Table 4.1 - Drive system parameters - VCFW

DC-link voltage- Vg =162V
PWM Switching Frequency f;= 10 kHz (Ts=100 ps)
Brushless DC motor Prated =42 9 hp (31,980 Watts), 12-pole

Base Speed. Ny = 2600 rpm (260 Hz)
Peak phase-to-neutral back-emf at N, E,=74 2V
Stator resistance: Ry =0.0118 Q
Stator inductance L, =61 8 uH
Stator mutual inductance. M = 11.8 uH
Rated peak current. Iiyeq (peak) = 249 A
Rated rms current’ Iraed (ms) = 176 A
System limuts Maximum voltage provided by the VFI V=103 V
Maximum current Im.c=245 A
Frequency limit of the CTOR: f, = 260 Hz (2600 rpm)
Frequency limut of the CPOR f. = 320 Hz (3198 rpm)
Load Ti=kew’
Below base speed. &k =158107

-3
Above base speed k= is?—
@,

r
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3 1) The values of the proportional-integral controller constants were not tuned for
the optimal operation because the objective of this work 1s to evaluate the "steady-
state” performance of the system, not the dynamic response, although results showing
the dynamic response of the system are also given The aim, here, 1s to show the
maximum speed at which the machine can provide rated power without exceeding the
rated current

The system was simulated and results at 5 different steady-state operating
points were recorded and plotted Figure 4 11, 4 12, 4.13 and 4.14 show the results
for the machine providing rated power and rated torque at base speed Figure 4 11
shows the commanded rotor speed and actual rotor speed Figure 4 12 shows the load
torque and the developed torque The load was chosen 1n such way that the developed
torque was the rated torque at base speed Figure 4 13 shows the output power at the
machine shaft The machine 1s providing rated torque at base speed, therefore, as
expected, the power 1s equal the rated power Figure 4 14 shows the iy and i
components of the armature current Notice that the maximum torque/ampere ratio
strategy 1s used, since the 143 1s zero and iq 1s the rated current The high frequency
pulsating torque and power as well as the high frequency components of the 14 and 14
current are expected because of the PWM operation of the inverter

The machine system was simulated at critical speed. As defined in the
previous section, the critical speed 1s the maximum speed that the machine can
develop rated power using VC with field weakening, 1€, the speed limut of the

CPOR The critical rotor speed, o for the PMSM 1n the study was calculated using
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Equation 4 22 and 1t was found to be 23% higher than the base speed. Therefore,
speed limt of the CTOR 1s 1632 8 rad/s and the speed limit of the CPOR 1s 2009.6
rad/s Thus, the CPOR 1s very narrow for the example motor, meaning that this drive
system cannot be used for high speed applications This narrowness 1s due to the low
inductance of the machine under study Although low inductance machines have a
wide CTOR, their CPOR are very narrow On the other hand, high inductance
machines have a low CTOR, but their CPOR 1s much wider than that for low
inductance machines [19].

The results for machine operating at critical speed are given in Figures 4 15-
4 18 Figure 4 15 shows the command and actual speed Figure 4 16 shows the
developed and load torques Notice that the machine 1s operating at constant power
region, therefore the developed torque 1s smaller than the rated torque. Figure 4 17
shows the developed power As expected, the developed power equals to the rated
power. Figure 4 18 shows the 14 and iq currents At this operating point, the 14 current
1s different from zero, and 1t 1s controlled to be negative 1n order to oppose the
permanent magnet flux effect In order to keep the total armature current equal to the
maximum current, iq 1s controlled to be smaller than the rated value Thus 1s the speed
limit at which the total current equals the maximum current limut 1f the machine 1s
required to develop rated power From this point on, in order to develop rated torque

the current will increase above the maximum current
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In order to evaluate the poor performance of the vector control with field weakening
at higher speeds, the system was simulated right above the critical speed and also at 3
times the base speed Figure 4 19 through 4 22 show the results of the machine
operating at 50% above base speed (3900 rpm), which 1s only 20% above critical
speed @ The objective 15 to keep the output power of the machine constant and
evaluate the increase 1n the current amplitude. Figure 4 19 shows the command and
actual rotor speeds Figure 4 20 shows the developed and load torques. It 1s important
to notice that the decrease 1n the developed torque 1s inversely proportional to the
speed (1/@y) 1n order t;) keep the machine output power constant The load torque 1s
controlled to match the developed torque at this operating point. Figure 4 21 shows
that the output power‘ of the machine 1s kept constant and Figure 4 22 shows the
substantial increase 1n the total current necessary to achieve the rated output power
The 13 component 1s 165 8 A and the 14 cofnponent 1s -252 A With these values of 14
and 13 components of the armature current, the total armature current 1s 301.65 A,
against a maximum current of 250A This increase 1n current 1s prohibited by the
mverter switch rating, machine losses and heating of inverter and machine.

A simulation at 3 times the base speed was done to further explore the
limitations of the VC with field weakening for low inductance PMSMs. However,
because of the long computation time to reach this speed, the PWM waves were
replaced by pure sine waves to increase the simulation speed The effect of this
procedure 1s just the elimination of the high frequency ripple, but the average values

of the results stay the same Figures 4 23 through 4 26 show such results Figure 4 26
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shows the 1q and 14 currents The 1 component 1s 83 A and 1y component 1s —503 6 A
Therefore the total current 1s 510 4A, which 1s more than doubling of the current
limat

The results shown 1n Figures 4.11-4 26 were 1n steady-state operation of the
system at different operating points The system was also simulated 1n such a way
that 1ts dynamic response could be observed In order to save simulation time, the

dynamuc results were also obtained using pure sine waves nstead of the PWM waves
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Figures 4 27 through 4 30 show the dynamic response of the system during
acceleration The command speed 1s such that the machine starts from zero speed,
stays at base speed until 1t reaches steady state at that speed In the sequence the
machne 1s accelerated until the critical speed, and 1t 1s held at that speed until 1t
reaches steady state This acceleration and holding process 1s repeated for 1.5 and 3
times base speed Figure 4 27 shows the command and actual rotor speeds Notice
that below base speed, the system has fast response, but as the machine speed goes
above base speed, the system response 1s slow. The system response gets sluggish
above base speed because the output voltage of the imnverter has already reached 1ts

maximum value at base speed. Therefore the system lacks capacity to provide high

81

B



torque and fast speed response for the machine Notice that as the speed 1ncreases, the
system sluggishness increases because the tbrque decreases inversely proportional to
speed Figure 4 28 shows the developed torque behavior as speed increases Figure
4 29 shows the output power of the machine Notice that the power 1s held constant
above base speed Figure 4 30 shows the steady state and dynamic behavior of 14 and

14 for machine operating below and above base speed
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Fig 4 27 Rotor speed dynamic response of the system
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IV.6 — Conclusions

Vector control of PMSM with field weakening was described Analysis of the
operation hmits of the system was done This analysis considers the voltage and
current limats. The result of this analysis showed that the constant power operation
range of the PMSM when using VC with field weakening technique 1s narrow for low
inductance machines For the machine under study the CPOR is only 23% of the base
speed.

In order to verify the analysis, a SIMULINK model of the system was built
and the system was simulated Steady state and dynamuc results at base speed, critical

speed and above critical speed were given The results showed that in order to keep
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the machine developing rated power above the base speed the current has to increase
above the current limit, which 1s extremely pernicious to the system. However, 1f the
armature current 1s kept under the current limit, the machine stops developing rated
power at 23% above base speed. Therefore, this technique cannot be used for
applications that require high-speed operation In order to show that DMIC 1s a better
option for these kind of applications, Chapter V will compare the performance of
VCFW with DMIC 1n high speed operation and show that DMIC/PMSM system can
develop rated power at high speed without exceeding the current limt, while

VCFW/PMSM system cannot.
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CHAPTER 'V

ANALYSIS OF DUAL MODE INVERTER CONTROL

V.1 - Introduction

The vector control technique with field weakening has 1ts principles well
explained from the machine perspective The three-phase model of the machine
cannot be used to explamn it. It was developed after the advent of the three-phase
stationary frame to two-phase rotating frame transformation Therefore, the stator
voltage/current required to drive the PMSM above base speed 1s obtained from the
analysis of d-q machine model using the field weakening principle, as described 1n
Chapter IV. The inverter 1s then controlled in such a way that it supphes the ‘machme
with the required voltage/current In other words, the field weakening technique was
developed based on the machine operation principle. The inverter was assumed to be
able to satisfy the voltage/current machine requirement.

The DMIC, described 1n Chapter III, on the other hand, was developed using
the three-phase model of the PMSM machine 1n adjunct with the inverter operation.
The principle of the DMIC 1s to control the power flowing between the dc link and
the machine through the inverter and to avoid regeneration through the bypass diodes
when motoring operation 1s desired. Therefore, the DMIC 1s well understood using

the DC link-machine power flow and the inverter/ac-voltage control; however, 1t is
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not explained from the machine operation point of view The coupling among the
three phases given in the machine model makes it difficult to understand the machine
behavior when it 1s driven by DMIC Although, the machine 1s not in three-phase
operation when driven by DMIC, 1t 1s still possible to apply the three-phase rotating
frame to two-phase synchronous frame transformation The analysis of the d-q model
of the PMSM/DMIC system can help to explatn DMIC from the machine perspective.
The Iimit of the constant power speed range using DMIC can also be found from this
analysis Therefore, the objective of this work 1s to explain DMIC by analyzing

DMIC driven PMSM using the d-q model of the PMSM

V.2 — Analytical Equations of the PMSM Armature Phase Currents and Phase

Voltages in DMIC/PMSM System

The DMIC driving a PMSM was described i Chapter III. However, there,
only the description and simulation results were given In this section, analytical
expressions of the phase currents and phase voltages will be derived

Above the base speed, the DMIC drives PMSM 1n two different modes three-
phase operation and single-phase operation. The three-phase operation occurs during
commutation and the single-phase operation after commutation 1s over. The switching
states change every 60 degrees, meaning that every 60 degrees there will be a
commutation period and an post commutation period. An inverter can operate in 8

different states, six non-zero states and two zero states. This analysis 1s only
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concerned about the six non-zero states It would seem to be necessary to do the
commutation and post commutation analysis for six 60 degrees sub-ntervals 1n order
to get the analytical expression of the phase currents and voltages for a full cycle
However, the symmetry of the system allows analyzing only one 60 degrees
subinterval and to obtain the analysis for the next five sub-intervals by shifting and

permuting the expressions derived for the first 60 degree sub-interval

V.2.1 — Analytical Equations of the PMSM Armature Phase Currents

Figure 5.1 shows DMIC driving a PMSM. To derive the analytical
expressions of the phase currents for the first 60° sub-nterval, consider that in the
previous 60° sub-interval the switches Qs, Ts, Qs and T¢ were ON. Therefore the
machine was operating on two phases, phase b and phase ¢ Phase b was connected to
the negative terminal of the DC power supply and phase ¢ was connected to the
positive terminal of the DC power supply Consider that at the end of that sub-interval
the current n phase a was zero, current 1n phase b was -Iy and current 1n phase ¢ was
Ip This 1s then the 1nitial condition for the 60° sub-interval that will be analyzed, and
at this instant the reference 1s set, 1 € , £ 1s zero (8 = 0)

In the subinterval to be analyzed, the machine stops operating 1n phases ¢ and
b, and starts to operate 1n phases a and b In other words, 1n this interval, phase c 1s

the outgoing phase, and phase a 1s the incoming phase. Imtially, when ¢ 1s zero (0 =
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0), the switches Q; and T are turned ON The current in phase ¢ commutates to phase
a. Switch Qs 1s left ON, but conduction 1n phase ¢ stops when the current reaches zero
causing thynistor Ts to snap off. Phase c 1s then isolated from the supply and
commutation 1s complete During the commutation period, the machine operates 1n
three-phase mode The commutation period starts at © = 0, and fimishes at 6 = 6c,
where Oc 1s the commutation angle. Figure 52 shows the DMIC/PMSM circuit
during the commutation period. The dark continuous line corresponds to elements
that are part of the circuit during this interval, while the gray dashed line corresponds
to the elements that are not part of the circuit

The second order model of PMSM, as given 1n chapter I, 1s-

i{z,,(t)L 5o ’1{ OV g —ﬂ[v,,,,(t)—e,,,,(tﬂ .
(1) 0 Iy (t)J 3L| -1 27| v,()—e,@)]
Making the following change of variable

6 = nw,t (5.2)

where
oy — base speed

n —rotor speed @ to base speed ay, ratio;

90



potrad uonenwwod uunp WS & SWALP DINQ 2 S 81

T T T .

91



Substituting Equation 5 2 1n 5.1, 1t results:

[(6ﬂ 1] (9ﬂ 1 {2 ~ﬂ[nﬂ9)-aﬁﬁﬂ

53
i.(0)] nw,| o Iy’[ (0)_] 3nw,L| -1 2] vcb(ﬁ)—ecb(é’)lj (53)

From the description of DMIC driving a PMSM, 1n Chapter 3, the switches Q;
and T, are turned ON 0, degrees before the line-to-line back-emf ey, crosses the DC
link voltage value If the reference t = 0 (6=0) 1s set in the instant that Q1 and T1 are

turned on, then Figure 5 3 shows the line-to-line back emf ey, waveform with respect

to the reference

e, A

\/-6_nEb

Vdc

Ty

Fig 53 Line-to-line Back emf waveform with respect to the reference at

DMIC/PMSM system
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From Figure 5 3, the PMSM line-to-line back emfs e.,(0) and eq(6) can be

described as:

e,,(6) =J6nE, sm (6-6,)
(54)
e, (@)= x/gnE,, sin (6’—61, +%)

In Figure 5 3, 6, 1s the advance angle, the angle 1n advance of the instant that
eap equals Vqc where Q and T, are fired Angle 04 1s the delay angle 84 1s the angle
after finrng Q; and T, at which ey, crosses zero The angle A6, 1s the difference

between 0, and 84 and 1s given by.

Vv
AG,=0,—6, =sin™ | —=k— (55)
‘ (‘/E”Eb j

In this discussion we consider only commutation option 1, and the applied

machine armature voltages vy, and v, during commutation are
vab = vcb = Vdc (5 6)

Therefore, for 0<#<6,, disregarding the winding resistance R, the state

model of the circuit shown 1n Figure 5 2 1s:
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do tC(G)IJ—Bna),,L -1 2|V, —e,(8)]

The first order differential equations above were solved with the following

boundary values

,(0)=0 i(6,)=I,
i,(0)=—I, 1,(6.) =1, (58)
L(0)=1, 1,(6.)=0

The analytical expressions of phase currents during the commutation period

are:

1,(&)= 5 1 - (Vdca—?a\/EnEb sm(ﬂ—ﬁd —2%)— 3\/5nE,, sm(@d +2T”D

na,

1,(6) =-3 1 L(szcé’—B«EnEh sm(é’—&d —Z—;J—%EnEb sin(6-6,)-

b

(59)
3\2nE, sim (ed +2?”)— 3V2nE, sin (6,) J— 1,

1
nw,L

1.(0) = 3 (Vdce —3\/§nEb sin(6-6, ) —3\/5’1Eb sin (6, )) +1

where Ij and I; are given by
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1
=Sl (V.. —3v2nE, s (6, -8,)~3v2nE, s1n(6,))
(5.10)

I, = L Vdcgc —-3x/5nE,, sin (90 —6{, —2—”J—3\/5nEb sin (94 +2_”)
3nw,L 3 3

After the commutation period 1s over, the phase ¢ current reaches zero and
thynistor Ts turns OFF. From this point on, the machine starts to operate tn single-
phase, 1€, on two phases a and b Figure 5 4 shows the active circuit between the

wnstant that the commutation 1s over and the end of the 60° sub-interval. Therefore
this circuit 1s valid for 6 between 8, and % .

Equation 5 11 gives the first order model of the circuit in two-phase operation.

%=ﬁ(vab(t)—eab(t)) (511)

The boundary values for the first order differential equation above are

1,(6.)=1, L (74) =1,
L, (0.)=—I, y (74)=-1, (5 12)

(6 =0 i(74)=0
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Equation 5.13 gives the phase currents obtained solving Equation 5 11 subject

to the boundary values given 1n Equation 5.12.

1 V4 V1
1,(0)= L (Vd‘ (4 —6’0)—\/—6-nEb sin (9—6&, —E)+ \[6_nEb sin (90 -6, —E)}L I,

b

WO =~ I L(Vdc(e—é’t)—«/gnEbsm(H—Q,—§J+\/gnE,,sm(&c—Hd—%D—Ii (513)

na,

1,(6)=0

Equations 59, 5 10, and 5 13 completely describe the phase currents in the
60° sub-interval under consideration as functions of the system parameters and the

commutation angle 6. The commutation angle 6. can be found from Equation 5.14

Ve +x/§sm[0d —£)+i—6’c—‘55m(6’c_‘9¢1)=0 (5 14)
3nE, 3) 3nE,

Equation 514 1s an implicit equation of 6. and the system parameters
Therefore, the phase current equations cannot be found explicitly only as function of
the system parameters An approximation of Equation 5.14 could be found, but this
would give some errors 1n the results The choice then 1s to numerically solve
Equation 5 14, to find 6, and to use the value of 6; 1n Equations 5.9, 5.10, and 5.13

Then the phase current equations will be only functions of the system parameters
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To test the equations, a MATLAB code was written, and the same system
parameters given in Table 4 1 were used Figure 55 shows the phase currents i, 1
and 1. for the machine operating at 5 times base speed The current waveforms are
similar to those current waveforms in Figure 3.10. The difference 1n the peak value 1s
because that, unlike the PSpice simulator where all machine parameters were
considered, 1n the present analytical equations the winding resistance was
disregarded The winding resistance causes the peak value of the phase currents from

the PSpice simulation to be smaller, since 1t increases the machine impedance

300

200

100 Y- Y

Phase currents [A]
[=]

Y1) "SNP AR SR R R, SN

200 PN\ A --

ANfF--——--N-~=—==A-—=~ccc Ve e A ]

NDIF-----
N o — - - - =

~300
0

Fig 55 Armature phase currents for the machine operating at 5 times base speed
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The current waveforms 1n Figure 55 does not help to explain the DMIC
principles from the machine point of view The next sections of this chapter will

explain 1t using the d-q current components.

V.2.2 — Analytical Equations of the PMSM Phase Voltages

During the commutation period, because each phase has a thynstor
conducting, the phase voltages at the PMSM armature are the phase voltages at the
output of the VFI The armature phase voltage during this interval 1s then given in

Equation 5.15

an 3
y, =i (5.15)
3
Ven = ﬁ
3

After the commutation 1s over, because both thyristors in one phase are OFF,
the phase voltages at the PMSM armature are not the same as the phase voltage at the
output of the VFI In fact, the expressions of the PMSM armature phase voltages are
not so obvious to obtamn for this interval. During this interval, the DMIC/PMSM
system 1s mn two-phase operation The difference of potential between the machine

neutral point and a fictitious center tap of the DC link voltage vno 1S not one third of
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the sum of the three phase-to-middle pomnt of DC link voltages vy, Vbo, and veg
Therefore, the equations generally used to obtain the phase-to-neutral voltages are not
valid. For this operation, the mesh analysis of the circuit must be done. Equation 5 16
shows the equation to be solved 1n order to obtain the expressions of phase-to-neutral

PMSM armature voltages These equations were derived based 1n the circuit shown 1n

Figure 5 4

vll'l = L\ lﬂ +ean
dt
dl
=L Lt+e 5.16
bn s dt hn ( )
vcn = e(.’l

Using expressions of the phase currents given in Equation 513 to solve
Equation 5 16, the following expressions for PMSM armature phase voltages are

found

V,, = %’”——@cos(na)bt -6, —%)+ \/EE,,n sin (na),,t—é’d —%)

y, = —%—\/—ifﬂcos(nwbt -6, —-;Ej+ \/EEbn sin (na),,t -6, —%) (3.17)

v, = \/EE,,n sin (na),,t -6, + %)
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Figure 5 6 shows the phase voltages for a full cycle This figure was plotted
using a MATLAB code that implemented Equations 5 16 and 5 17

The voltage waveforms shown 1n Figure 56 do not give much information
about the power conversion process in the DMIC/PMSM drive system However,
they show that the voltages assume higher amplitudes than the square-wave operation

case of the standard VFI

V.3 — Equations of the dq Components of the Armature Current and Voltage

The analytical equations of phase currents and voltages of the PMSM when
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Fig 5 6 Armature phase voltages for the machine operating at 5 times base speed
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PMSM 1s dniven by DMIC were derived in the previous section However, these
equations do not explain why the PMSM can develop rated power at speeds as high
as 5 times base speed without exceeding the current limit In this section, analytical
expressions of iy, iq, V4, and vq are derived These expressions and the dq model of the
PMSM will be used to explain the capability of the DMIC to drive PMSM at high
speeds The 14, 15, v4, and v, expressions are obtained by applying the abc to dq
transformation to the phase current and voltage equations obtained 1n the previous

sections

V.3.1 — Equations of the dq Components of the Armature Current

As shown 1s Figure 5 1, the PMSM 1s wye connected, therefore, Equation 5 18

gives the abe to d-q transformation of the current

l:l‘/|_|—§ cosé cos(ﬁ—z%) cos(6?+27%)1 ’a—l 518

sin @ sm(é’—z%) Sm(g"'z%)J ’:)J

As 1t was done for the phase current, the derivation of ig and 14 currents will be
done mtially for 60° sub-nterval, and the results will be shifted and permuted 1n
order to obtamn the whole 360° cycle The transformation given m Equation 5 18 1s

applied 1n one 60° sub-interval. Within the 60° subinterval, the transformation must

102



KVdc 3K K 2z V3
= tsin (na)bt—ed ——)— +—sIn (Q, +—-)sm (na),,t—-ed +—)—
J6E, 3) 230, o, 3 2

be applied twice, during the commutation period and after the commutation period 1s

over.

Equation 5 19 shows 14 and 14 equations of the PMSM armature current during

the commutation period.

KVde ) K 2

I, = tsin| nw,t—60,+= |-—sm| 6, +=— lsin(nwjyt—6,)-
J6E, 6) o 3
Kvdc t sin na),,t—é?,,+£ +—I£sm(6’c—6?d)sm na),,t—tﬁ?,,+z
3J2E, 3) o, 3

(5 19)
/4

Kvdc 7,sIn (na)bt—ﬁd —£J+£sm (6, —-86,)sm (na)bt—ﬁd —£j
32E, 6) o, 6

2+/6E,
where K= J6 b
3L
n=—L - actual and base speed ratio
wrb
6,
.= - commutation period
na,

After commutation 1s over, the equations for 14 and lq currents are.
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(5 20)

KVdce 3K
t)=——(3t—t wtrt-06,)+ 2(nwt—-8,) )+
lll() 6\/§Eb( C)Sln(n (4 d) 40)[, Sln( (n b ‘1))
\/ngm(ﬁ -0 —Ejsm(na) -6 )—£sm(0 -0 —zjsm(na)t—é? )—
20)’) c d 2 b d a)b c d 3 b d
K 27
;bsm (0,, +—3— )sm (nw,t—6,)
KVdec NEY INE) ¢

+
4o, 4o,

/4 T
()= 3t—t )sin| nwt—6,—-— |— sin| 2(nw,t—0,)—— |+
d() 6\/5Eb( c) ( b d 2) ( ( 4 d) 2)

V3K sin (Qc -6, —z)sm [na),,t -6, z J— —K—sm (6’0 -6, —g—ﬂ;)sm [na),,t -6,- z
20, 2 2 ) w, 3

i<—sm (ﬁd +2—ﬂ- ]sm (na),,t -0, —E)
, 3 2

Therefore, equations 5 19 and 5 20 are the analytical expressions of iy and Iy

over a 60° interval Figure 5.7 shows the 14, and 14 currents for the machine operating
at 5 tumes base speed This 1s the same operating pont as the one for the phase
currents shown 1n Figure 5 5

As we can see from Figure 5 7, the currents 14 and 1q repeat at all six 60° sub-
intervals It means that z4 and 1q are periodic functions of the time, and the period 1s
six times smaller than the fundamental period of the three-phase currents In other
words, the frequency of the 14 and 14 currents 1s 6 tumes the fundamental frequency
Therefore, equations 5.19 and 520 fully describe the behavior of iy and iy when

PMSM 1s driven by DMIC.
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Fig 57 14 and 14 currents for the machine operating at 5 times base speed

V.3.2 — Equations of the dq Components of the Armature Voltage

Equation 5 21 gives the abc to dq transformation of the armature voltages.

(521)

:
l

v
vbn
J Ven

%)

sm(t9+2

_2%)

cos @ cos(é’-—z%) cos(6+2%)
7

sinfd sin (

2
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Following the same strategy done for the currents, the dq expressions of the
voltages were found Equation 522 shows the expressions of v4 and vq voltages

during the commutation period

v =2V—”‘s1n(9—49,, +£)
3 6

q

(5 22)

v, =%sm (9—6’,, —%J

Equation 523 shows the expressions of v¢ and v, voltages after the

commutation period 1s over

v, = —[Jév‘ism (na,t—6,)+~2E,ncos* (nw,t—6,)

(5.23)
v, = _@ sin(nat—6,)+ ﬁf”n sin(2(nw,t—6,))

Equations 5 22 and 5.23 are the analytical expressions of v4 and v, over a 60°
mterval Figure 5 8 shows vy and v, for full cycle They are the v4 and vq equivalent
voltages to Van, Vbn, and v, shown 1 Figure 5 6 Because vy and Vq are pulsating, it 1s
difficult to understand their effect in the PMSM operation The effect of the d-q
voltages and currents given 1n this section for the PMSM operation 1s given 1n the
next sections using the average values of the d-q voltages and currents.
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Fig 5.8 v4 and vq voltages for the machine operating at 5 times base speed

V.4 — Analysis of PMSM Driven by DMIC Using the PMSM dq Model.

The analytical expressions of dq equivalent currents and voltages as functions
of the system parameters were derived in section V 3. Therefore, now, the PMSM
driven by DMIC can be analyzed using the dq theory. In other words, the same
analysis 1n the dq plane that was done for VC with field weakening (VCFW) will be
done for DMIC

However, the analysis in dq plane must be done with DC values, while for
DMIC, iy, ig, vq, and vq, as shown 1n section V.3, are pulsating. Therefore, the analysis

has to be done considering the average values of these variables. The analysis of the
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average values of 14, ig, v4, and vq 1s a valid approach since we are concerned about the
average power developed by the machine and also because the peak values of the
equivalent phase currents and voltages at the inverter are monitored not to exceed the
switches ratings.

The 14, 14 expressions are obtamned using the definition of average value, as

given 1n (5 24).

| % 5[e % 1
I,= = Oj 1 (6)d6 == _ Oj 1, (0)d6 + @I i) (6r)de?’J
(5.24)
% NE A
I, =% Oj 1,(0)d6 = ;— oj 1, (0)d6 + J zdz(ﬁ)dﬁ’-l
where.

151(0) — 1nstantaneous 14 current during commutation interval (Equation 5 19)
q q g q

141(0) — mnstantaneous ¢4 current during commutation interval (Equation 5 19)
i2(0) — 1nstantaneous i, current after commutation 1s over (Equation 5 20)

132(0) — 1nstantaneous 14 current after commutation 1s over (Equation 5 20)

The final expressions of the average value of 14 and 14 are very complex and
do not give any explicit information about their behavior as functions of speed For

this reason, they are not given
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The expressions of the average values of vq and vy were obtained following
the steps used for iy and i;. However, the expressions for the average value of vq and

vq are not complicated and they are given by

y =3 %cos(z—ﬁd )— 2Va cos[@c—é’d +£J+ﬁEbn(£—0 j+
x| 3 6 3 6 2 3

\/53‘/,& cos (6, —94)—@005[%"—94 \J_*_ ‘[Z;Eb nsm(—zg-—ﬁd j_

\/iE” nsin (6, —6?,,)|—I
| (525)

v, =E{—%cos(9‘ -0, —£)+%cos(—9‘, —Ej—ﬁncos (2_”—294 )+
3 3 3 3

7 3 4
\2E,
4

ncos(26, —26, )[—|

The equations of average values of 14, 14, v and vq do not result 1n conclusions
about their behavior as functions of speed However, in Equation 5 25, the factor n,
which 1s the ratio of actual speed to base speed, multiplies some terms of the
equation. This implies that the absolute value of the average values of the armature
voltages increase as speed increases.

In order to see the behavior of the average values of the currents and voltages
as functions of speed, a MATLAB code was written and the average values of the
quadrature current I, direct current Iy, total armature current It, quadrature voltage

Vy» direct voltage Vy, and total armature voltage V¢ were calculated for the example
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motor. Table 5 1 shows these values for speeds varying from 2 to 10 times base

speed These values were obtained for the machine developing rated power and the

peak and rms values of the armature phase currents below the limit Column eight 1s

the voltage circle imut radius calculated using the average values of the voltages for

DMIC Column nine 1s the voltage circle limut radus for VCFW This radwus 1s

calculated using the maximum output voltage of the VFI

The results shown 1n Table 5 1 are meaningful. Table 5.1 shows that the value of the

d and q components of the armature current varies, but the total current, which 1s the

magnitude of the vector defined by these components, 1s almost constant and 1ts value

1s around the value of current limit 215A Notice that the current 1o decreases as

Table 5 1 — Average Values of Voltages and Currents

n | IqgA) | Id(A) It(A) | Vq(V) | Vd(V) | V(V) | Vromic | Vrverw
2 143.74 | -16061 | 21554 109.76 | -3455 | 11508 | 478 54 428 88
3 9587 | -19428 | 21665 152 51 -3455 | 15637 | 43351 28592
4 7189 | 20447 | 21675 19844 | -3450 | 20142 | 41881 214 44
5 5762 | 20943 | 21721 24508 | -3459 | 24751 | 41171 171 55
6 4795 | -21143 | 21684 | 29266 | -3445 | 294 68 | 408 48 142.96
7 4094 | -21234 | 21625 34066 | -3445 | 34240 | 40682 122 54
8 3581 -212.75 | 215.75 38896 | -3425 | 390.46 | 40594 107.22
9 3200 | -21500 | 21736 435.10 | -3469 | 43648 | 403 36 95 31
10 28.78 | -214.94 | 216.85 483.55 | -34.47 | 43648 | 40319 8578
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speed 1increases following the 1 rule, which assures that the machine develops
n

average power equal to the rated power On the other hand, the voltages have an
interesting behavior. The g component of the voltage increases as the speed increases,
but the d component remains constant Therefore, the total armature voltage increases
as speed increases

In order to understand the influence of the current and voltage behavior on the
machine operation, the analysis using the 14-iq plane must be done This 1s the same
analysis as that done for VC with field weakening in Chapter IV The current lumut
circle 1s the same, thus, the voltage limut circle will change. In VCFW, the maximum
PMSM armature voltage 1s the maximum output voltage that the VFI can provide. In
the DMIC, the PMSM 1s not connected to the three-phase output of the VFI, but only
to two of them The third phase 1s floating and therefore the armature voltage 1s not
the three-phase voltages provided by the VFI, but the voltages given in Equations
516 and 5 17 This operating condition, which 1s guaranteed by the thyristor turning
off to avoid regeneration, provides a total armature voltage to the machine that 1s
higher than the output voltage a VFI can provide Moreover, as shown in Table 5.1,
this voltage increases as the speed mcreases. To better illustrate this phenomenon, ,
waveforms of the three different operating conditions of the PMSM using DMIC and
VCFW are plotted.

Figure 5 9 shows a plot of the current and voltage limuts of the PMSM using
DMIC and VCFW for machine operating at twice the base speed The current vectors

for both drive systems are also shown 1n this figure. Notice that the current limit
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Fig. 5.9 Current and voltage limits of the PMSM using DMIC and VCFW for

machine operating at twice the base speed

circle 1s the same for both techniques, however the voltage limit circle 1s bigger for

DMIC than for VCFW If i4 1s controlled to vary following the Ther rule, then the
n

machine 1s assured to be developing rated power For DMIC driving the machine, the
current vector 1s 1nside of the intersectton of the two circles defined by the current
and voltage limits However, if VCFW 1s used, the current vector will be either

violating the current limit or smaller than what 1s required to develop rated power.
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The capability of the DMIC to drive PMSM above the base speed against the
neffectiveness of VCFW becomes yet more apparent when speed increases. Figure
5 10 shows the plot of 14-14 plane for the machine operating at 5 times the base speed.
Again notice that 1n order to develop rated power, the machine when driven by DMIC
operates without violating the voltage and current constraints, while when 1t 1s driven
by VCFW one of the constraints must be violated It 1s clear from this figure that the
voltage limit shrinks for both techniques, however, 1t shrinks faster for VCFW than

for DMIC
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Fig 5 10 Current and voltage limit of the PMSM using DMIC and VCFW for

machine operating 5 times base speed
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Finally, to show the the supertority of DMIC compared to VCFW more
effectively, Figure 5 11 shows the plot of 14-1q plane for the machine operating at 9

tumes the base speed

V.5 - Limit of Constant Power Operation Range of the PMSM Driven by i)MIC

The differences between DMIC and VCFW from the machime point of view were
identified and analyzed 1n section V4 The superiority of DMIC over VCFW 1n

allowing the machine to develop rated power at high speed was pointed out
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Fig. 5 11 Current and voltage limits of the PMSM using DMIC and VCFW for

machine operating 9 times the base speed
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However, the question about the speed Iimit at which the DMIC can drive PMSM

developing rated power remains unanswered This section addresses this subject to

show that there 1s no theoretical limit of CPOR when PMSM 1s driven by DMIC.

As mentioned before, for the machine to develop rated torque at n tumes the

~

base speed, the quadrature current at that speed I, must be controlled following

Equation 5 26

1 =M=I_m£ (5.26)

In order to maintain the total current equal to the current limit I, Jan must be

controlled following Equation 5 27

speed.

2
1, =\/1m2—(1m—“J e [ (527

The radius of the voltage limit circle at n times base speed 1s given by.

v, =—*= (528)

where V, 1s the amplitude of machine armature voltage at n times the base
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Therefore, to assure meeting both current and voltage constraints and to

develop rated torque, Equation 5 29 must be satisfied

Eb 2 2
v, > \/(wa—]L,n]) +1, (5.29)

The condition established by Equation 529 can be better visualized through

Figure 5 12. The minimum radius of the voltage limit circle 1s V, , which 1s the
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Fig 5.12 Minimum radtus of the voltage limut circle for PMSM to develop rated
power
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E,
w, L

hypotenuse of the Pythagorean triangle formed by I, , |I ‘,"l, and V, Notice

E
that the term bL 1s the distance of the center of the voltage limit circle to the origin.
wb

The expression of the minimum radius of the voltage hmit circle 1s V, as a

function of the speed can be found from Equations 5 26, 527, and 528 Equation

5 30 shows this expression

2 2
V. (n)=\/( E”L—ﬁ nz—lj +(1—"‘“l) (5 30)
! @, n n

Therefore, the minimum radius of the voltage limit circle at a certain speed
can be calculated using (5 30) Figure 5.13 was plotted to compare the voltage radius
provided by DMIC, VCFW, and the minimum radmus given in (5.30). The radius
provided by DMIC and VCFW are the columns 8 and 9 of the Table 5 1 respectively
The curve MIN represents the minimum voltage limit circle radius necessary for the
machine to develop rated power The figure shows that the DMIC provides voltage
circle radius above or equal to the minimum requirement In fact, for speeds below 5
times the base speed, the radius 1s bigger than the minimum required. This means that
up to 5 times base speed, the machine can actually develop more power than the rated
power without exceeding the current limit On the other hand, the radius provided by

VCFW 1s below the mimimum requirement for all speeds above 2 times the base
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speed This 1s coherent with what was stated in Chapter 4,1 e, with VCFW, the rated
power can be developed only up to 1 23 times base speed. From Figure 5.13, one can
also see that the minimum radius requirement and the radius provided by DMIC tend
asymptotically to the 400 level as speed increases Therefore, the radius provided by
DMIC will always satisfy the condition established by (529). This leads to the
conclusion that the theoretical limit of CPOR for DMIC driving PMSM 1s infinity

In order to analytically show that the limit of COPR for PMSM driven by

PMSM 1s mfinity, a function that approximates the DMIC voltage limit radius Vg puic
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Fig 5 13 Voltage radius provided by DMIC, VCFW, and the minimum radius
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as function for speed ratio n was found using the data from Table 51 Because the
Vr-pwmic 18 similar to that of the minimum radius requirement given 1n Equation 5 30,
the function that was found for Vrpwmic was also siumilar, only with a different

constant The expression of Vr.pmic as a function of the speed ratio 1s then given by

2
E n® -1 o Y
Vr—DMIC,, (n)= [wh =1 . 2 ] +( max) (531)

In order to compare the actual Vg.pmic values with the fitting function, their
values were plotted and the maximum error »;as calculated Figure 5 14 shows the
plot of the function versus the actual Vppmic values The figure shows that the
function fits the points very well The maximum error between the function and the
actual points 1s 1 16%.

Now, 1n order to find a relation between the mimimum voltage radius and the

voltage limit radius provided by DMIC, the limuts of (5 30) and (5 31) were found.

Equation (5 32) gives the limut of the V, (n) as the speed goes to infimty

2
2 2
hmV, (n)=hm || 221, "2 +(Im—“) I T
e n=\[\ @, L n L

The limut of V_,,,, (n)as the speed goes to infinity 1s given by:
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Equations 5 32 and 5 33 show that both V, (n) and V,_p,,. (n) go to the same

- Imar

value as the rotor speed goes to infinity. This value 1s 2
wb

confirms what was stated previous 1n this section, which 1s that theoretically there 1s
no limit of CPOR when PMSM is driven by DMIC It is important to emphasize the

relevance of the results given by Equations 5 32 and 5 33, 1.e theoretically a PMSM
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. Therefore, this

can be driven at any speed and still develop rated power This makes possible to use



this type of machine for applications that require high-speed operation, such as
electric vehicles

V.6 - Conclusions

The dnive system DMIC/PMSM was analyzed in this chapter. The analysis
was concerned with explanation of the drive performance above base speed from the
machine perspective Imitially, the expressions of the current and voltages of the
machine 1n the three-phase, stationary reference frame were derived These
expressions were shown to be very different from the one with the standard three-
phase operation of the machine

In order to do the analysis of the system performance, the average values of
the currents and voltages were used The average values of the i4 and 14 currents were
found to be the required values for the PMSM to develop rated power However, the
armature voltage was found to be higher than that value for standard three-phase
operation, and 1t increases as speed increases

The plot of the current and voltage limut 1n the ig-14 plane showed that the
PMSM armature voltage when DMIC 1s used provides a voltage limit circle that
a11<;ws the machine to develop rated power at different speeds In the same plot, 1t
was shown that the VCFW had a much smaller voltage limut circle, and therefore
rated power could not be developed This was shown for three different speeds, two,
five, and nine times the base speed.

Finally, 1n order to prove the limit of the CPOR when PMSM 1s driven by
DMIC, the theoretical mmimum radius of voltage limit circle required for the
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machine to develop rated power was found as a function of the system parameters A
fitting function that approximates the radius of voltage limit circle provided by DMIC
was found. The function was found to have the same nature of theoretical minimum
radius of voltage limut circle. The Iimuts of both functions when speed goes to infinity
were found to be the same Therefore, there 1s not a theoretical speed limit for
DMIC/PMSM drive system In other words, the DMIC gets rnid of the voltage limit
c1\rcle constraint, and the current circle 1s then the only constraint for high-speed

operation of PMSM.
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CHAPTER VI

SUMMARY

VI.1 Conclusions

In this work, Dual Mode Inverter Control driving Permanent Magnet
Synchronous Machines has been proposed, simulated and analyzed. The performance
of the DMIC/PMSM operating 1n a wide constant power range has been evaluated.

The PMSM three-phase model 1n stationary reference frame, as well as its
two-phase dq model 1n synchronously rotating reference frame has been reviewed
The three-phase model 1s used to explain the strategy used by DMIC to drive a
PMSM over thé constant power range, while the dq model 1s used to explain how
DMIC can achieve a wide constant power operation range

The Phase Advance Angle (PHA) method driving a BDCM 1s described and
used for comparison The method 1s evaluated through simulation and 1ts performance
1s found to be poor for low inductance machines. The reason of the nefficiency of
PHA for low inductance machine 1s 1dentified as the regeneration through the bypass
diodes of the standard voltage-fed inverter

DMIC driving a BDCM 1s presented, and 1its principle 1s described In

contrast, the DMIC 1s shown to be more effective 1n driving low inductance BDCM
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because of its ability to avoid the bypass diode conduction and therefore the

regeneration pertod.
The efficacy of thc; DMIC driving BDCM was the motivation to propose using
DMIC to drive PMSM, given the large number of similarities between BDCM and
PMSM The same principle used to drive a BDCM above the base speed 1s used to
drive the PMSM, 1 e, an ac-voltage controller interfacing the VFI and the machine to
block the bypass diode conduction The PMSM, when driven by DMIC, changes
operation from purely three-phtase below the basF: Ispeed, to hybnd opera;lon above
the base speed In the hybrid case, the PMSM 1s 1n three-phase operation during the
commutation period and single-phase operation after the commutation period 1s over
The performance of DMIC/PMSM drive system 1s found to be excellent Simulation
results for the machine operating at five times the base speed show that the mach1£1e
can develop 15% more than the rated power at this speed with the peak and rms,
currents exceeding J‘ust 11% and 6% the peak and rms rated values respectively
» Vector control of PMSM with field weakening (VCFW) 1s described :;md
analys)ls of the operation limits of the system 1s done This analysis considers the
maximum voltage and current of the machine/inverter system The result of this
analysis shows that the constant power operation range of the PMSM when using ’ )
VCFW strongly depends on the machine parameters and 1s narrow for low 1nductance *
machines. For the machine under study the CPOR 1s only 23% of the B:;lse speed
High armature current value is the cost of operating PMSM above critical base speed

at rated power
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The expressions of the current and voltages of the machine 1n the three-phase,
stationary reference frame and dq rotating reference frame have been derived for
theDMIC/PMSM drive system. The average value of the voltages and currents 1n the
dq rotating reference frame was used to model the DMIC/PMSM system from the
machine point of view The principle 1s found to be the same of the VCFW, where the
field component of the armature current 1s used to weaken the air gap field However,
in VCFW the voltage limit circle 1s given by the maximum output voltage of the VFI
and therefore shrinks fast In the DMIC, on the other hand, the voltage limit circle 1s a
result of the contribution of DC link voltage, the back emf, and the induced voltage
provided by the derivative of the on-phase currents and it shrinks slower as speed
increases compared to VCFW Analysis of the ratio of the voltage limit circle
provided by DMIC shows that this circle will always satisfy the maximum current
limit condition to provide rated power above the base speed The conclusion 1s that
there 1s no inherent speed limit of CPOR when PMSM/DMIC control scheme 1s used
because the voltage constraint 1s eliminated

The drawback of the DMIC 1s the high pulsating torque opposing the constant
torque provided by the VCFW However, considering that the frequency of the
pulsating torque 1s six times the fundamental frequency, the fundamental frequency 1s
high above base speed and moreover, the inertia of the machine and load can filter out
the pulsating torque The pulsating torque should not be a problem for electric vehicle
application Therefore, DMIC 1s an excellent option 1f wide constant power operation

range 1s required for high nertia load
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V1.2 Recommendation for future work

This work 1nstigates questions that may be used as topics for future investigation.
These questions are mainly related to the control strategy for the transition from

below base speed to above base speed and converter topology.

e Control strategy for the transition from below base speed to above base

speed

DMIC driving PMSM above base speed 1s addressed in this work, but
operation up to base speed and slightly above base speed 1s not taken into
consideration Standard Vector Control with optimum torque/ampere ratio 1s
widely accepted as the best choice for PMSM operating below base speed. If
DMIC 1s chosen to be used above base speed, then a transition strategy must
be developed The transition has to be carefully analyzed because VC
provides constant torque and DMIC provides highly pulsating torque The two

strategies that can be addressed 1n this topic are described below.

e In this work, the control variables used were the advance angle and the
blanking angle. Therefore, a strategy for smooth transition from below
base speed to above base speed using advance angle and blanking angle as

control vanables must be found.
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e In the inner loops, VC uses 14 and 14 as the control variables, and they are
controlled to be DC A promising research subject would then be to use
current control for DMIC and use the command currents to achieve
smooth transition from below to above base speed This investigation
should follow the steps below.

* Generate profiles of iy and iq that DMIC would generate as function of
speed, and use them as the current command. These profiles are given
by 14 and 14 equations shown 1n this work

e In the transition range, make the currents smoothly changes from DC

to the pulsating current required by DMIC

Converter topology

The proposed converter topology works very well and 1s also the best
topology to explain the DMIC principle. However, different topologies that

may be more efficient or have lower cost can be investigated.

Minimum inductance

The analysis done 1n this dissertation refers to a low inductance machine.
However the minimum inductance required for DMIC to work was also
addressed Therefore, a complete study of the effect of the inductance in the

DMIC/PMSM drive system 1s an important subject to be investigated.
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