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A highly flexible numerical simulation model for the performance

prediction of brushless dc drives is presented, which is capable of

investigating unbalanced and asymmetrical operating conditions as well

as drives with non-ideal parameters. Numerical speed-up procedures

allow for the investigation of pulse-width modulated (PWM) drives using

a personal computer. Experimental verification shows excellent

correlation between predicted and measured quantities.

The simulation is used to investigate the performance of several

brushless dc motors, two of which are prototypes intended for aerospace

actuator applications. Inverter control options examined include six-

step continuous and discontinuous as well as pulse-width modulated

strategies.

A brushless dc motor with trapezoidal induced voltages and

complex magnetic geometry is the subject of a sensitivity study to

determine the differences in performance predictions obtained using the

"exact" numerical simulation developed, a reference frame approach, and

an equivalent circuit model. The results are used to draw conclusions

about drive modeling and design issues.



The numerical drive simulation is used to investigate speed

control obtained from variations of pulse-width modulation index and

commutation advance for a drive powered by a sine-coded PWM inverter.

The resulting effects on drive performance characteristics are

discussed in terms of modeling and design strategies. For an adjus-

table speed application requiring constant torque output, the simula-

tion is used as a design tool to provide for excellent drive efficiency

well into the field weakening region.

The potential to readily analyze unbalanced drive systems is

exploited in the simulation of failures in a brushless dc drive

supplying a fan load. Faults addressed in detail include open-

circuited motor windings, failure of a rotor position sensor and a

defect in the commutation control logic. Experimental data shows

excellent agreement with simulated waveforms.

Finally, a use of the simulation model to investigate the

possibility of fault tolerant drive development is proposed. It is

conceived that "intelligent" controllers have the potential to use

remedial control strategies to optimize drive performance under fault

conditions. A design example uses the numerical simulation to

investigate several strategies to restore required torque output after

a base drive failure has disabled one of the six inverter power

switches.
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PREDICTION OF BRUSHLESS DC DRIVE PERFORMANCE
CONSIDERING NON-SINUSOIDAL PARAMETER VARIATIONS AND

ASYMMETRICAL OPERATING CONDITIONS.

1. INTRODUCTION AND LITERATURE REVIEW

The development of drives using permanent magnet motors of

greater than fractional horsepower rating has been underway for more

than a decade [1,2,3,4]. Initially, these three-phase machines were

intended for vehicle propulsion and electromechanical and electro-

hydraulic actuator applications in the aerospace industry [5]. All

these systems are characterized by their high specific cost. Recent

developments in power semiconductor technology and their associated

cost reductions, along with the promising option of replacing samarium

cobalt magnetic materials with more cost effective neodymium alloys,

have made possible the design of permanent magnet motor drives which

offer alternatives to both domestic induction motor drives and

automotive dc motor drives. Possible applications for these energy

efficient brushless do drives include air conditioning/heat pump

systems and large appliances in the domestic area and fans and actuator

applications (e.g. fail-safe power steering) for automobiles. In

robotics and related areas, brushless dc drives find more and more use

in servo applications [6].

Many of the recent developments in brushless dc drive technology

have concentrated on permanent magnet motors using non-sinusoidal

induced voltages and novel magnetic geometries to further improve the

performance-cost relationship. On the power electronics side, the

drives are powered by transistor inverters utilizing six-step or pulse-

width modulation (PWM) control and relying on bipolar or MOS technology

for the power switches.

In order to avoid the high costs associated with repeated

prototyping of both motors and inverters, modeling and simulation

capabilities are essential. Much of the published analytical work has

attempted to extend the established methods of machine analysis to

allow for the investigation of machine-inverter combinations. For an

understanding of basic operating principles and development of control



2

strategies, such as speed control by the equivalent of field weakening

techniques, a simple equivalent circuit representation of the drive is

appropriate [7,8]. It should be noted, however, that equivalent

circuit techniques restrict the analysis of drives to steady state

operating conditions.

Reference frame theory [9], also referred to as d-q axis analysis,

allows for the investigation of machine transients and is appropriate

when the drive itself is a component in a control system, where dynamic

response to rapidly changing requirements may be of interest

[10,11,12]. The investigation of the inverter switching, however,

relies on Fourier series expansion [13], which not only limits the

modeling process to magnetically linear systems during steady state

operation, but which is also very cumbersome considering the high

switching frequencies involved when analyzing PWM operation.

The use of these conventional techniques does simplify the

structure of the drive system that is to be modeled and thus allows for

insight into basic operating principles and control strategies. It

should be acknowledged, however, that these modeling approaches are

very idealized and require, not only that system phases are balanced,

but also that machine windings are sinusoidally distributed. These

assumptions about idealized system conditions and parameters make the

rigorous transient analysis of motors with novel electrical and

magnetic configurations difficult [14,15], if not impossible, and they

place extreme restrictions on the application of the analysis to

torque and current ripple prediction [16] as well as overall system

behavior under fault conditions.

With regard to the transistor inverter, numerous schemes for

controlling the power device switching sequences have been proposed

[17,18,19]. Most published work analyzes PWM schemes in terms of

harmonic optimization of the generated voltage signals for steady state

operation and restricts itself to the analysis of inverter operation

without considering other system components, such as the motor. The

transient time domain analysis of an entire drive system containing a

motor and an inverter has been largely ignored due to the complexity of

the actual numerical representation in the investigation of high

frequency operation. However, the designer/developer of a brushless dc
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drive must have access to information on the interactions of power

electronic devices and motor parameters [20,21], which has been shown

by the author in [22]. This is of particular importance where PWM

inverters and trapezoidal (or other non-sinusoidal) motor EMFs

interact. In this case it has been demonstrated by the author in [23]

that there is considerable advantage in retaining the motor representa-

tion as an untransformed three-phase system.

The concept of using a three-phase model for permanent magnet

motor drives is not new. An analysis of brushless dc drives in a

fashion that would allow for the investigation of non-idealized systems

and motor-inverter interactions has been developed by Demerdash, Nehl

et al. [24,25,26]. The discrete time analysis set forth by these and

other authors [27] requires considerable computing power and the only

reported work is on the use of square wave inverters. The present

author has successfully implemented the numerical simulation of high

speed switching operations in a time domain model of brushless dc

drives [28], which only requires the computing capabilities of a

personal computer (PC) for a detailed investigation of interactions

between PWM inverter and machine characteristics. Using a personal

computer for drive simulation also permits the interfacing with a PC-

based data acquisition system [29]; thus a complete workstation for

drive design can be realized effectively and economically. It should

be noted that the time domain simulation approach is not limited to

brushless dc systems, but can be extended to include other drives, such

as those using switched reluctance or induction motors.

Since three-phase time domain models are free of many of the

limiting assumptions of equivalent circuit and reference frame

analysis, they enable the designer to examine non-idealized drive

operating conditions. While the investigation of magnetic circuit

saturation effects [30] and non-sinusoidal parameter variations are of

great interest, the most promising feature of these models is their

capability to analyze faulted drive systems. Consequences of a short-

circuited winding turn were investigated in [31] without inclusion of

PWM excitation effects. The present author has examined failures of

rotor position sensors, commutation logic and motor windings for a PWM

drive [32]. Brushless dc drives are often used in environments where
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extremely high reliability standards are required, such as in the

aerospace industry. For such applications, the capability to simulate

faulted systems can be used in the design of intelligent controllers

which compensate for certain detected component failures, as shown by

the author in [33].

The following sections describe the discrete time model for

brushless dc drives developed at Oregon State University and discuss

drive design and performance issues. A presentation of the equations

governing drive performance and their numerical implementation on a

personal computer is followed by experimental verification of model

predictions for three different brushless dc drive systems. Chapter 5

investigates the effects of drive parameters on drive performance and

correlates the model predictions with results from a d-q axis analysis.

As a design example, the simulation program is used to optimize drive

efficiency in a constant torque application. Fault occurrences and

possible fault-tolerant control strategies are discussed in chapter 6.

The conclusions and recommendations for future work are followed by

appendices which contain further details on some of the issues

addressed, such as calculation of motor inductances and optimization of

drive efficiency.
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2. BRUSHLESS DC DRIVE SIMULATION MODEL

The simulation of brushless dc drive performance is based on the

lumped parameter circuit shown in Fig. 1. As illustrated, the drive

system consists of three subsystems, namely dc link, inverter and

motor. The simulation of motor and inverter will be more closely

examined in the following sections.

Although a three-phase drive model is used here, no difficulties

should arise in the application of the techniques presented to machines

and converters employing either fewer or more phases [34]. Following

the current industry practice, the brushless dc motor is considered to

be wye-connected. A delta connection is very unlikely since it would

enable the circulation of current harmonics. Research has yet to show

if an open delta configuration increases drive performance significant-

ly enough to warrant the use of a greater number of switching power

devices. With regard to inverter operation, the work presented will

investigate several operating strategies, all of which are based on the

dc link topology shown in Fig. 1.

rF LF

rCF

Ti -/

T4

<

as

Figure 1. System Circuit Diagram

Vas

yes

1-

Vdr
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The use of a discrete time numerical analysis for drive system

performance prediction allows for the incorporation of actual parameter

and switching waveforms. Therefore, the modeling process will be

appropriate for the investigation of transient and steady state

operating conditions involving the following points of interest:

(i) Unbalanced machine or inverter phases;

(ii) Failures of drive subsystems or components;

(iii) Deviation from symmetry in machine phases and

inverter sequencing;

(iv) Non-idealized magnetic geometries;

(v) Purity of the dc supply voltage.

This general analysis of a complete drive system does not rely on

the expansion of existing motor modeling techniques, such as equivalent

circuit or reference frame theory, and thus allows for the convenient

investigation of motor-inverter interactions. Chapter 5 illustrates

the importance of an understanding of these interactions for a

successful drive design.

Incorporating the numerical solution of the equations governing

drive operation on a personal computer requires special attention in

order to ensure sufficiently accurate results and speedy execution.

For the drive designs investigated, very accurate predictions are

achieved while considering only a few states and neglecting magnetic

non-linearities and high frequency losses. However, care should be

taken not to apply the simulation in cases where magnetic saturation

effects and high speed switching phenomena become significant.

2.1 Brushless DC Motor

Fig. 2 shows the cross section of a 2-pole, 3-phase

magnet machine. The magnets used are generally manufactured

earth magnetic materials. Recently, Samarium-Cobalt magnets

increasingly replaced with high energy and relatively

Neodymium-Iron-Boron (NdFeB) magnets, which exhibit very

permanent

from

have

low

rare

been

cost

favorable

demagnetization characteristics and are also easily machinable.

The magnets can either be buried in the interior of

structure or can be surface-mounted as shown in Fig. 2.

the rotor

Since the

permanent magnet materials have a relative permeability very close to
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permanent
magnets

sensor

as

Figure 2. Brushless dc Motor Cross Section

that of air, surface-mounted machines characteristically have very

large equivalent airgaps and thus are not susceptible to armature

reaction or magnetic saturation. Interior permanent magnet machines

can exhibit very small airgaps, which makes saturation of the magnetic

circuit and consequently non-linear operation more likely.

Outputs from the three sensors shown in Fig. 2 are used to

determine angular rotor displacement. This information on rotor

position is used by the drive controller in defining the switching

sequence for the inverter circuit. In most cases, the sensing assembly

relies on Hall effect devices, but in applications requiring very high

resolution in rotor position feedback, such as servo drives, optical

resolvers are utilized at a considerable increase in cost.

The machine stator windings can either be distributed or con-

centrated. Since the rotor designs very often exhibit some degree of

saliency, the self and mutual inductances associated with the stator
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windings in general vary with angular rotor position displacement. The

voltages induced in the stator windings are periodic functions of rotor

displacement and speed and vary, depending on winding and magnet

design, in a sinusoidal or trapezoidal fashion.

Figures 1 and 2 also show windings on the permanent magnet rotor.

Most brushless dc drive applications do not require damper windings on

the rotor, since the magnets are very poor electrical conductors and

the eddy currents flowing in the non-magnetic materials used to secure

the magnets are for the most part negligibly small. In these cases,

the q and d windings shown are omitted from the simulation. It seems

beneficial, however, to provide for the possibility of analyzing ac

adjustable speed drives utilizing induction motors or permanent magnet

motors featuring a rotor cage for line-start purposes. When represent-

ing a rotor cage, the q and d windings are short-circuited.

2.1.1 Voltage and Current Relationships

The equations describing the electrical behavior of the motor

follow the conventions established in Figs. 1 and 2. When the stator

windings are connected to the inverter, the phase voltages are not

explicitly known since the dc link voltage is impressed as a line-to-

line quantity between phases. For a balanced and symmetrical drive

configuration, which is extensively analyzed in the literature, the

phase voltages sum to zero and can thus be related to the applied dc

input voltage. This is not true when considering non-ideal operating

conditions and it is therefore beneficial to express the machine

voltage equations using the stator line-to-line voltages as inputs.

Possible rotor windings are assumed to be balanced and symmetrical;

thus the phase representation can be retained.

In order to allow for discontinuous inverter operation, the

motor equations have to be stated for both three- as well as two-phase

excitation. Since the model considers possible phase unbalances, three

different sets of equations are needed to describe two-phase operation

for all possible two-winding combinations. The term "two-phase"

operation is used throughout this thesis to identify the condition

where only two of the stator windings carry current. It is evident

that these two windings essentially form a single phase.
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2.1.1.1 Three-Phase Operation. During continuous operation of the

inverter, all three motor phases are energized. In a phase representa-

tion, the machine voltage equations can be written as

Vas ras 0 0 0 0 as

Vbs 0 rbs 0 0 0 ibs

Vcs = 0 0 rcs 0 0 ics

Vqr 0 0 0 rqr 0 iqr

Vdr_ 0 0 0 0 rdr_ dr

Laa(00 Lab(0r) Lac(9r) Laq(00 Lad(Br)
.

las

Lab(Or) Lbb(Or) Lbc(Or) Lbq(Or) Lbd(Or) ibs

dt Lac(Or) Lbc(er) Lcc(Or) Leq(80 Lcd(90 ics

Lsq(Or) Lbq(Or) Lcq(19r)
Lqq 0 iqr

Lad(Or) Lbd(Or) Lcd(Or) 0 Ldd idr_

dt

.am(Or)

Abm(Or)

Acm(Or)

0

_ Adm

(1)

where the Lii and Lid designate phase self and mutual inductances,

respectively. The A's are the magnet flux linkages established by the

permanent magnets as seen from the motor windings. Further explana-

tions of the terms used are found in the nomenclature. Note that Vqr

and Vdr will be zero when considering a short-circuited rotor cage.

Choosing the currents through the as- and bs-phases as independent

stator state variables and using the impressed line-to-line stator

voltages as inputs, the machine is described by



Vab ras -rbs 0 0 las

Vbc rcs rbs+rcs 0 0 ibs

Vqr 0 0 rqr 0 1-qr

Vdr 0 0 0 rdr_ _idr_

d
dt

+ dt

Laa(Or)-Lab(Or)-Lac(Or)+Lbc(8r) Lab(Or)-Lbb(er)

Lab(er)-Lac(er) -Lbc(er)+Lec(Or) Lbb(00-Lbc(Or)

Laq(Or)-Leq(Or) Lbq(Or)

Lad(Or)-Lcd(Or) Lbd(9r)

Aam(Or)-Abm(Or)

Abm(Or)-Acm(Or)

0

Adm

-Lac(Or)+Lbc(Or)

Lbc(8r)+Lcc(9r)

Leq(0r)

"Lcd(Or)

Laq(Or)-Lbq(61 ) Lad(Or)-Lbd(Or)

Lbq(Or)-Lcq(Or) Lbd(Or)-Led(Or)

Lqq 0

0 Ldd

las

lbs

iqr

idr

(2)



with

and

Vca -Vab Vbc

ics = -ias ibs

In matrix short notation, Eq. (2) becomes

11

(3)

(4)

[r] 1 + ([1,(00] 1 ) + Im(er) (5)dt

Expressing the time derivatives of inductances and flux linkages

with respect to rotor angle,

([r] + [L(81.)] Br) 1 + [L(00] t 1 + a:r Im(Or)ir (6)

and the electrical state equations to be solved become

-1 f y] 'et]- [L(90] Cr] aer
[Lodt

a+ [mer)]-1 - [Lor)]
-1

aer m r (7)

2.1.1.2 Two-Phase Operation. In the discontinuous mode of

inverter operation, one stator winding is open-circuited and the line-

to-line voltage between the two remaining phases becomes the forcing

function for the entire stator circuit. For an ideal machine this

would only involve one calculation, but in order to consider possible

asymmetries and unbalances, each possible two-phase configuration has

to be analyzed separately.

If the as-winding is open-circuited, the input voltage is applied

between phases bs and cs and with

ics -ibs (8)
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the voltage equations (2) for this two-phase configuration are given by

Eq. (9).

In matrix short notation, the state equations to be solved thus

are

I- la -[L(8r)]a [[r]a + Tu; [L(or)
a 6r] is

a
+ [L(e,)]:a Va - [L(0r)] (0

r
) 0

a

1

a°,
A
ma r

(10)

where the index "a" denotes the open phase.

Similarly, open-circuiting the bs-phase leads to voltage equations

given in Eq. (11). Finally, if the cs-phase is open-circuited, Eq.(12)

results.

Both Eqs. (11) and (12) are then brought to a state equation form

analogous to Eq. (10) in order to be solved.

2.1.2. Torque Relationships

The electrical torque developed by a P-pole motor can be expressed

from the co-energy associated with the coupling field [9] as

Te
2 38r

p awC (i o r )

(13)

This expression even holds for a saturated magnetic circuit,

where flux linkages and currents are no longer linearly related. For

surface-mounted permanent magnet motors with large equivalent airgaps,

linear operation can generally be assumed, in which case the energy

stored in the coupling field, Wf, is equal to the co-energy, Wc.

For a multi-excited system, the field energy is calculated from

currents and flux linkages with d8r 0.

Wf = ij dAi

j =1

(14)

Since the coupling field is conservative, it does not matter in

which order the flux linkages and currents in Eq. (14) are brought to



Vbc rbs+rcs 0 0 ibs

Vqr - 0 rqr 0 iqr

Vdr 0 0 rdr idr_

d
dt

Lbb(00-Lbc(er)- Lbc (80+Lec(Or) Lbq(00-Leq(Or) Lbd(Or) 0 i

0

-Lcd(0

Lbq(00-Leq(Or)
Lqq 0 iqr

Lbd(00-Lcd(Or) Ldd idr

d

dt

Abm(00-Acm(Or)

0

Adm

(9)



Vca ras+rcs 0 0 ics

Vqr 0 rqr 0 j-qr

Vdr 0 0 rdr_ 1-dr

-Lac(Or)+Lcc(Or) Leq(Or)-Laq(Or) Lcd(Or)-Lad(Or)
d

+
dt

Lcq(Or)-Laq(Or) L
cicl

0 iqr

Lcd(00-Lad(Or) 0 Ldd idr_

d
dt

0

Adm



0 0

Vqr = 0 rqr 0 iqr

Vdr 0 0 rdr idr

d
dt

Laa(er)-Lab(Dr)-Lab(90+Lbb(Or) Laq(0r)-Lbq(Or) Lad(Or)-Lbd(er)

Laq(Or)-Lbq(Or)

Lad(Or)-Lbd(er)

Aam(er)-bm(Or)

+ 0
dt

Lqq

0

0

Ldd

las

i-qr

idr

(12)
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their final value and integration yields the field energy for the motor

shown in Fig. 2.

1
Wf 2 iabcs ([1-.s r(9 )] [L/s]] iabcs stator currents

iTabcs [Lsr(9r)J l qdr

+ 2 lqdr [[Lr] CL/r]

iabcs labcms(9r)

lqdr Aqdmr

1 dr

mutual rotor/stator

rotor currents

magnet flux linking stator

magnet flux linking rotor (15)

Since leakage does not contribute to the coupling field, the

diagonal rotor and stator leakage matrices [L,er] and [14s] have to be

subtracted from the appropriate inductance matrices.

Using Eqs. (13) and (15) and realizing that field energy due to

rotor currents and magnet flux linking the rotor windings does not

contribute to torque production, the electrical torque for a P-pole

motor can be expressed as

awf(i,o )r P 1 -YT 3
T
e 2 aOr 2 2 iabcs [[Ls(er)] - [Les]] iabcs

IT a
iabcs aor [Lsr(9r)] Tqdr

a -
iabcs aer Aabcms(9r) (16)

The electrical motor torque is then expended overcoming inertia,

drag and mechanical load as expressed by the balance equation



d2Or
2

dO
r2

Te E]
dt2

Bm dt TL(t)P
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(17)

Where significant, additional terms, such as windage, can easily

be incorporated into Eq. (17). The load torque, TL, is determined by

the characteristics of the mechanical system to be driven and can be a

function of other system variables, such as motor speed in fan

applications.

2.1.2.1 Three-Phase Operation. For continuous inverter operation

and using ias and ibs as independent stator currents, the expression

for electrical torque, Eq. (16), can be written in expanded form as Eq.

(18) which assumes that leakage inductance is independent of rotor

position.

2.1.2.2 Two-Phase Operation. In order to investigate discon-

tinuous inverter operation for unbalanced and asymmetrical systems,

torque production has to be analyzed separately for each two-phase

configuration.

Open-circuiting the as-phase and choosing ibs as the independent

stator current, the expression for electrical torque (16) becomes

from

Te = 2-
ii2m 8 @r (Lbb(er) - 2Lbc(Or) + Lec(Or))

T

+ i
a lqr

b s aOr

idr

ibs 'Jr LAbm(er)-A Or)]
a

(19)

If the bs-phase is open-circuited, electrical torque is calculated



P

2

+

T Laa(Or) -2Lac(Or)+Lcc(Or)

Lab(er)-Lac(90-1bc (Or)+Lcc(Or)

-Leci(00 Lad(Or) -Lcd(00

Lbd(Or)-Lcd(Or)

LabOr)-Lbc(°r)-Lac(Or)+Lcc( Or)

Lbb(er)- 2Lbc(Or)+Lcc(Or)

rqr]

idr

ias

ibs2 ibs afr

iaslT a

ibs
[

aOr Lbc(Or)-Lcci(Or)

[ias1T a [Aam(Br)-Acm(64011

ibsi 30r [Abm(er)-Acm(er)]
(18)
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Te
2 2 lcs aor

[Lcc(9r)

[

) 2Lac(9r) + LaaOrd

2.2

a [Lcci(Or)-Laci(01T

Lcd(Or)-Lad(Or)

[ Acm (0 r)-Aam(0r)]

the cs-phase

a

idr

yields

+ Lbb(Or)

rqr]

idr

is based on the dc link

(20)

(21)

topology

cs ao

r

a
+ cs ao

Finally, open-circuiting

P .2

Te 2 2 las ao
[1

a

r
[Laa(Or) 2Lab(Or)

Laq(00-Lbq(01T

Lad(Or) -Lbd(er)

(Aam(Or)-Abm(Or), l

+ ias aor

. a
+ las

Inverter Representation

The inverter model presented

illustrated in Fig. 1 and concentrates on voltage source inverters,

which sequentially switch the dc bus voltage through an LC filter in

order to generate a well-defined voltage waveform at the motor

terminals. One of the most simple inverter control strategies leads to

the application of rectangular voltage waveforms between motor phases.

In order to reduce the resulting current harmonics as well as provide

for a means of speed control, the square wave voltage source inverter

is often operated using pulse-width modulation (PWM) techniques.

For the power levels associated with brushless dc drives, the

inverter relies on transistors as active switches. Bipolar transistors
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in Darlington and insulated gate (IGT) configurations as well as power

MOSFETs cover the power range up to approximately 100 hp [35,36]. The

anti-parallel diodes in the inverter circuit prevent damage to the

active switches and are usually only conducting during commutation.

The inverter model is implemented as a set of switches. While the

active switches can be commanded on and off, the state of the diodes

depends on their voltage bias. In the off-state, the devices are

modeled as ideal open circuits and when turned on, the switches are

represented by their on-resistances to include conduction losses.

Also, device on-state voltage drops can be accounted for by adjusting

the voltages applied to the motor. Turn-on and turn-off times of the

power switches are not considered, thus switching losses are not

explicitly contained in this inverter representation.

For brushless dc drives, the inverter switching sequence is

usually referenced to rotor position. This allows for the synchroniza-

tion between the voltages applied to the stator windings and the

voltages induced by the rotating permanent magnets. Shifting the

switching pattern with respect to rotor position is equivalent to field

weakening operation of brush dc motors and provides another means of

speed control. Many ac adjustable speed drives are operated open-loop

and inverter switching is thus not synchronized with rotor position.

In the absence of the position feedback, these drives are controlled

using an external variable frequency timing pattern.

While the literature often assumes inverter sequencing to be

balanced and symmetrical, the investigation of non-ideal operating

conditions, such as device failures or misalignments in the sensor

assembly calls for a more general strategy. The modeling approach

taken is to effectively define the switching sequence for each

transistor separately and then determine the overall inverter status

from the combination of the individual device states. Since the

inverter is operated as part of the drive system, the model emphasizes

the investigation of interactions between system components. This

allows a drive designer, for instance, to match the inverter switching

logic with motor parameters such as magnet shape or winding distribu-

tion.
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2.2.1 Continuous Square Wave Inverter

Figure 3 shows the transistor switching sequences for continuous

inverter operation, which is also referred to as 180° conduction mode.

To illustrate the commutation process, consider the inverter leg

connected to the as-phase. Transistor T1 is turned off at Or 90°, at

which time T4 is turned on. However, the current flowing through T1

will be diverted to diode D4, which conducts until ias decreases to

zero. Once the current reverses direction, it is carried by T4.

Since all three stator phases are energized, motor current and

torque relationships are described by Eqs. (7) and (18), respectively.

Table 1 summarizes the different operating states for the switching

pattern shown in Fig. 3. Note that the actual simulation will allow

for asymmetries and unbalances in the switching sequences.

2.2.2 Discontinuous Square Wave Inverter

Often, the square wave inverter is operated in the discontinuous

or 120° conduction mode, as illustrated by the switching sequence shown

in Fig. 4. As an illustration, consider commutation involving the

devices in the as-phase. After T1 is turned off at Or 90°, D4

carries the current until it decays to zero. Thereafter, the as-phase

is open-circuited until T4 is turned on at Or 150°. It should be

TI

T3

T4 I

T5 ---1

T6 I-

0 7Y2 7r 37/2 27r

rotor angle, er (el. radians)

Figure 3. Continuous Inverter Switching Logic
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Table 1. Continuous Inverter Operation

Rotor
Angle Transistors

Commutation
Diode Vab

Inverter
Input

Vbc Current

-30'3-430° T1 T5 T6 D6 Vinv 0
**

as

30°-90° T1 T2 T6 D2 0** Vinv iasl-ibs

90°-150° T4 T2 T6 D4 -Vinv Vinv

150°-,210° T4 T2 T3 D3 -Vinv 0** -ias

210°-).270° T4 T5 T3 D5
0**

-Vinv -ias-ibs

270°-30° T1 T5 T3 D1 Vinv -Vinv -ibs

*
Vinv is the inverter input voltage

**
Depends on the device voltage drops

noted that during two-phase operation either of the diodes in the

inactive inverter leg can become forward biased, thus restoring current

flow in the open-circuited phase.

During commutation, all three phases are energized and drive

operation follows the pattern listed in Table 1. Two-phase operation

is summarized in Table 2.

T2

T3

T4

T,

T6 I

1 1 I I i

0 Tr/2 7T 37r/2 27r

rotor angle, er (el. radians)

Figure 4. Discontinuous Inverter Switching Logic
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Table 2. Discontinuous Inverter Operation

Rotor
Angle Transistors

Motor
Voltage*

Inverter
Input

Current
Electrical
Equation

Torque
Equation

-30°-*30° T1 T5 Vab Vinv ias (12) (21)

30°90° T1 T6 Vca -Vinv -ics (11) (20)

90°-q50° T2 T6 Vbc Vinv ibs (9) (19)

150°-*210° T2 T4 Vab -Vinv -ias (12) (21)

2100-4270° T3 T4 Vca Vinv ics (11) (20)

270°-330° T3 T5 Vbc a -Vinv -ibs (9) (19)

*
Vinv is the inverter input voltage

2.2.3 Pulse-Width Modulated Inverters

Speed control for brushless dc drives is usually accomplished by

pulse-width modulating the square wave inverters presented previously.

Switching the transistors periodically to zero within their rectangular

six-step envelope regulates the effective voltage applied to the motor

windings, which in turn regulates motor speed. PWM techniques can also

be used to improve current and torque waveforms by eliminating low end

harmonics and ripple. Furthermore, by permitting rapid and controlled

changes in armature current, PWM inverters are advantageous in

applications requiring fast torque response.

Modulation frequencies usually are much higher than motor speed

and vary from approximately 500 Hz to over 20 kHz. While PWM

strategies offer numerous benefits, an obvious disadvantage of using

these high frequencies lies in increased stresses of the devices and

higher switching losses in converter and motor.

Many different PWM strategies have been proposed for various

optimizing algorithms designed to minimize motor losses, torque ripple,

acoustic noise, and others. Very often, however, the switching

algorithm is only analyzed per se and without considering circuit

interactions, such as the load dependency of the dc link voltage. The

modeling of the complete drive system as presented here will allow for

the investigation of switching strategies in the context of the entire

drive, without merely emphasizing the pure PWM signals. This also
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allows for the investigation of certain closed loop control features

such as the implementation of a current limiter through PWM.

2.2.3.1 Synchronous PWM. In synchronous PWM algorithms, the

modulation process is referenced to rotor position. Figure 5 shows an

example which attempts to develop sinusoidal modulation. A reference

signal, in this case a sinusoid, is compared with a triangular carrier

of high frequency to obtain the gating logic for a switch, as shown in

Fig. 5(b). The other switches will be controlled similarly, with

appropriate phase shifts. A typical phase current waveform obtained by

sinusoidal pulse-width modulation is shown in Fig. 6. It should be

noted that synchronous PWM strategies like the one illustrated require

very high resolution of rotor position feedback in order not to miss

any of the pulses shown.

The ratio of variable reference and triangular carrier shown in

Fig. 5(a) is often referred to as modulation index M. Varying the

modulation index regulates the effective motor voltage and thus motor

speed. If the variable reference exceeds unity, pulses will be dropped

in the waveform center and eventually the inverter will operate in the

six-step continuous mode.

variable reference carrier

off

0

et-

7r/2 7r 37r/2 27r

Figure 5. Sinusoidal Pulse-Width Modulation

(a) Generation of PWM Sequence

(b) Transistor Switching Signal
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The model developed determines the switching pattern from a

signal comparison as shown in Fig. 5(a). This allows for the inves-

tigation of different modulation techniques by replacing the sinusoidal

reference with other proposed waveforms, such as staircase functions,

trapezoids or sinusoids with harmonic injection.

2.2.3.2 Asynchronous PWM. An easily implemented PWM strategy

modulates a square wave inverter with an external high frequency signal

which is not referenced to rotor position (asynchronous PWM). This

technique is illustrated in Fig. 7. While keeping the PWM frequency

fixed, the effective motor voltage is controlled by varying the width

of the "on-pulse". In many applications, this pulse width is deter-

mined by a feedback signal, such as motor speed or torque requirement.

The PWM index can be varied from 0% (motor effectively open-circuited)

to 100%, at which time square wave operation resumes.

In brushless dc systems, this asynchronous PWM technique is

mostly used in combination with a discontinuous, synchronous six-step

inverter. Usually the PWM signal as shown in Fig. 7 is only applied to

the upper transistors in the bridge (T1, T2, T3), while the lower

switches remain in the unmodulated square wave mode. It should be

noted that the asynchronous PWM algorithm cannot be used to generate a
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desired current waveform. However, since the PWM signal is provided

from an external pulse generator, the rotor position sensors require

only square wave resolution. This can be realized more economically

than the resolution needed for the synchronous technique presented in

the previous section.

2.2.4 Current Source Inverter Operation

Current source inverters in their original topology replace the dc

voltage link with a current link and use a controlled rectifier as a dc

source. Current magnitudes are thus effectively controlled in the

rectifier section. This topology is somewhat inflexible and only used

in high power applications, mostly with induction motor drives.

It is possible, hoWever, to effectively keep the voltage source

inverter topology presented earlier and achieve current control

through the use of a hysteresis controller [37]. This technology

compares a desired current waveform with the actual motor current

waveforms to derive the PWM pattern for the inverter switches. Very

good current and torque waveform control make this inverter switching

strategy attractive for use in servo applications or induction motor

drives using field-oriented control.

While the work presented emphasizes voltage source inverter

operation, the numerical inverter representation developed is flexible

enough to permit the implementation of hysteresis current control in a

straightforward manner.
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2.3 Computer Implementation

The equations describing the drive system as discussed earlier are

implemented in state variable form and are solved numerically on a

personal computer (PC) using FORTRAN routines. As part of a "worksta-

tion" for drive design, the PC (80286-87 processors, 8 MHz) can also be

used for pre-processing (e.g. finite element analysis) and digital data

acquisition. While using a PC for drive performance evaluation is

convenient and economical, it also requires special attention in

selecting the appropriate numerical procedures to achieve fast run

times without sacrificing accuracy. This is especially important when

analyzing PWM operation, since the integration step size cannot be made

arbitrarily small.

Program output is controlled by user specification. Any number of

time domain functions in x,y pairs can be selected from the following

categories:

(i) Voltages and currents associated with any circuit

element;

(ii) Mechanical quantities (torque, speed, etc.);

(iii) Control variables (switch status, etc.).

The time domain functions can be written to disc and accessed by

graphics routines for display purposes. Post-processing routines allow

the determination of transient and steady-state quantities of interest,

such as response times or rms values.

While serving as a powerful design tool, the programs developed do

not emphasize user friendliness and some simulations may require source

code manipulation and recompilation. This poses no problems for use as

an in-house research tool, yet the development of an encompassing

user's interface would enhance the convenience of use considerably.

2.3.1 Numerical Interface of Drive Components

The interactions of the individual drive system components are

illustrated in Fig. 8. It is noted that state variables are only

associated with dc link, motor and load. Due to inverter action, the

number of states associated with the stator of the brushless dc motor

is not constant over the entire range of operation. Depending on

inverter status, the stator phases can be associated with two states



dc link

(2 states)

inverter

(no states)

brushless

dc motor

(up to 4 states)

mechanical

load

(2 states)

drive control system

(no states)

control
settings

Figure 8. Drive System Representation
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(three-phase operation), one state (two-phase operation) or no state at

all when the machine is open-circuited. In the zero state inverter

model, transistor switching is determined by a simulated base drive

logic through the control system; the diodes are controlled by the

instantaneous voltages developed across them. The drive control system

is modeled as a zero state unit which uses control settings (e.g.

modulation frequency) and feedback information (rotor position) to

derive the transistor switching logic subject to other constraints,

such as current limiters.

The system interconnection constraints are processed by an

"intelligent" integration logic governing the numerical evaluation of

the state equations at every solution step. After inverter status is

determined from transistor and diode logic states, the appropriate

equations to be solved are set up depending on the resulting circuit

topology. The logic also assigns the appropriate parameter values

(inductances, resistances, etc.) to the equations. As the integration

for one time step is completed, other quantities of interest, such as

inverter input current, are determined from the state variables before

the solution process continues.
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The program yields good results while only considering few

states, yet it is structured flexibly and can easily be adapted to

systems requiring more states, such as motors with additional windings.

2.3.2 Time Domain Integration

The state equations, as determined by the integration logic, are

integrated in the time domain to obtain a detailed solution represent-

ing transient drive characteristics. The numerical technique must

address the following issues:

(i) The solution is obtained by a sequence of initial

value problems as determined by the switching process.

(ii) The varying pulse-widths associated with PWM operation

(see Fig. 5) discourage the use of a multistep method

with fixed step size and invite the application of a

single step technique with adjustable and bounded

step size.

(iii) The drive system is described by a set of stiff

equations which suggests the use of an inherently

stable method like the trapezoidal rule [38].

However, since the maximum step size is dominated by

the minimum pulse-width, the advantages of this

implicit technique cannot be fully utilized and an

explicit method is employed to improve processing

speed.

Consideration of these aspects led to the implementation of a

second-order Runge-Kutta technique with automatic step size control

subject to constraints imposed by numerical stability and desired

accuracy.

2.3.3 Computational Speed-Up of Integration

In the numerical analysis of drives using square wave inverter

switching, the choice of integration step size is not critical, since

only six transitions occur per cycle. When considering PWM operation,

however, the choice of step size becomes critical if none of the pulses

are to be missed. While the selection of an extremely small step can

ensure the inclusion of even narrow pulse-widths, it also leads to very
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long and thus impractical run times as well as increased numerical

error due to rounding and truncation. This is especially significant

since only single precision accuracy is used in order to further reduce

computational time requirements. To avoid these problems, a step size

adjustment procedure is implemented, which allows for the use of the

maximum step lengths possible while still achieving good resolution

around the switching transitions.

When modeling asynchronous PWM strategies, the adjustment of step

size is relatively straightforward, since both modulation and integra-

tion are carried out with respect to time. Synchronous PWM techniques,

however, reference switching operations to rotor angle, which requires

special considerations when controlling step size. In this case the

step size, At, is determined at time to using an estimation function

to relate angular rotor dynamics and expected switching angle. An

upper bound on step size ensures the desired accuracy and numerical

stability. If the estimate of At leads to an angular overshoot, a

Hermite interpolation routine [39] is used before the integration

commences with the next initial value problem. It should be emphasized

that the interpolation only solves for the correct time step which is

to be used for the current switching angle. The state array is then

updated by repeating the numerical integration using this step size.

Similar interpolation routines can be interleaved with the one handling

PWM transitions to process other possible switching operations caused,

for example, by current limiters or control inputs. Step size control

can also be used to simulate the up-date times in drive systems with

microprocessor control.

For a test case modeling sinusoidal PWM with a chopping ratio of

21, the adjustable step size routine improved computational run time

from 78 minutes using a constant step size to 2:50 minutes. These

times include the transient run-up and computation of one cycle of

steady state operation. A major factor influencing execution speed is

accessing the PC hard disc for waveform storage. If only the steady

state components are written to disc, the run time for the test case is

improved by over one minute. Run times increase with modulation

frequency and at 10 kHz, approximately 10 minutes are required. If

desired, run times can be reduced further by combining interpolation
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and integration for system components with widely differing time

constants.

2.3.4 Pre- and Post-Processing

The numerical integration routine for transient performance

prediction requires information about drive parameters which can be

determined either through calculation or measurement. Constant

parameters can be stored in a data file for access by the main program.

Many parameters of interest, such as motor inductances or magnet flux

linkages are not constant, but can often be approximated in the

simulation by a functional representation. In this case, any change in

parameter variations, brought on for instance by a change in motor

design, will necessitate recompilation. If a functional approximation

is not possible and parameter variations have to be input as discrete

data points, such as when interfacing with a finite element routine, an

interpolation procedure (e.g., Spline) could be utilized. This has not

been necessary for the drives considered in this work, and although the

implementation should not be difficult, it may lead to an increase in

run time.

After the time domain integration program has written the desired

waveforms to disc, further processing is needed to derive information

of interest. Graphic depiction of the results, as illustrated by Fig.

6, allows the comparison of prediction with measured waveforms. Other

quantities, such as rms values, current harmonics, or torque pulsations

have to be calculated numerically from the stored solution. Figure 9

shows the output of one of the available post-processing routines.
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CASE A:NSN2S

01-19-1987

START = .02669 SEC.
STOP = .03028 SEC.

PEAK CURRENT = 43.33 A
RMS PHASE CURRENT = 25.16 A
RMS PHASE VOLTAGE = 102.03 V
MEAN TORQUE= 1.46 Nm
MEAN SPEED = 1746 el. rad/sec

MIN TORQUE = 0.19 Nm
MAX TORQUE = 2.68 Nm

INPUT POWER = 1.83 kW
INPUT POWER = 1.83 kW
OUTPUT POWER = 1.27 kW

EFFICIENCY = 69.8 %
TORQUE RIPPLE = 39.97 %

DIRECT INTEGRATION
FROM OUTPUT AND LOSSES

Figure 9. Sample Post-Processing Results



33

3. MOTOR CHARACTERISTICS

The work presented examines three different brushless dc motor

designs. Two of the machines are prototypes intended for aerospace

actuator applications and are characterized by their high power rating

and relatively low stator resistances. One of the actuator motors

employs a novel motor design using trapezoidal induced voltages and

concentrated windings. This motor cannot be rigorously analyzed using

reference frame theory and thus requires the full capabilities of the

numerical simulation developed. The other prototype machine follows

conventional design criteria with sinusoidal induced voltages and

distributed windings. Also tested is a commercially available

brushless dc servo motor with relatively low power rating, high stator

resistances and approximately sinusoidal induced voltages.

3.1 Trapezoidal Motor Parameters

Figure 10 shows a picture of the prototype motor, which is rated

conservatively at 2.5 hp. Its relatively small dimensions illustrate

the high power densities possible in permanent magnet machines.

Figure 10. Trapezoidal Prototype Motor
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rotor
position
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undistributed
winding

MESteel Core Permanent Magnets

Figure 11. Cross Section of Prototype Motor

A sectional schematic of the four pole motor is shown in Fig. 11.

The magnets are glued to the rotor and are secured by a non-magnetic

retaining sleeve (not shown) to prevent damage due to centrifugal

forces at high speeds. The motor windings are single layer and

undistributed so that, in combination with the shaping of the neodymium

alloy magnets, the induced open circuit voltage is virtually trapezoid-

al. Figure 12 shows the voltage waveform for the prototype motor as a

function of rotor angle Or, between a reference axis on the stator and

the axis of a chosen rotor pole. Designing a motor with trapezoidal

flux distribution in the airgap has the advantage that the amplitude of

the fundamental component is higher than the amplitude of the trape-

zoid, as illustrated in Fig. 12. Trapezoidal motors are often used

with discontinuous square wave inverters, matching the conduction

interval with the flat top of the induced voltage waveform.

The deliberate use of the simple and cost effective magnet shape

shown results in a square section magnetic circuit in the rotor.
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Figure 12. Induced Open Circuit Phase Voltage

Although this enables a convenient construction, the combination of

rotor geometry and concentrated phase coils produces phase self

inductances and interphase mutual inductances which differ substantial-

ly from idealized forms. The nature of the inductance variations as

function of rotor position were deduced, by the method outlined in

Appendix A, to be of the forms shown in Figs. 13 and 14.

260

240
0

-J

a

S 220

C

1:11 200
a)
0

_c
0.

180

actual/
/ 5 / \

/ \ / \
/ \ / \
/ \ / \

/ \ / \
/ /

/ /\ \/ sinusoidal / \/ representation / \/ \ / \/ \

100 200
rotor angle (el. degrees)

300

Figure 13. Motor Phase Inductance
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A functional representation for the inductance variations shown is

given by

and

Las 180 + 75Isiner11/2 pH

Lbs 180 + 75Isin(Or+60°) 11/2
pH

Les 180 + 751sin(Or-60°)1 1/2
pH

Mab = -41 - 931sin(Or+30°)I

Mbc -41 - 931sin(Or-90°)I

Mca -41 - 931sin(Or-30°)1

pH

(22)

(23)

However, these forms do not readily transform to a d-q axis model

without initially being replaced by the approximate sinusoidal

functions, which can either meet the maximum variations of the exact

forms, as indicated in Figs. 13 and 14, or can be derived as fundamen-
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tal components. Having the sinusoidal inductance variations meet the

peaks of the exact forms requires only two inductance measurements and

thus greatly simplifies the analysis of a prototype motor. The time

saved over taking enough measurements to allow for the determination of

the fundamental component via Fourier transform will especially be

appreciated in an industrial environment.

Motor characteristics and ratings are summarized as follows:

inverter voltage 300 V ± 10%

maximum current 25 A

rated torque 1.47 Nm

rated speed 11,000 r/min

maximum speed 21,000 r/min

phase resistance 0.3 0

phase inductance see Fig. 13

mutual inductance see Fig. 14

induced voltage 0.0525 V per el. rad/s

(effective peak) (see Fig. 12)

moment of inertia 28 x 10-6 kgm2

number of poles 4

3.2 Sinusoidal Motor Parameters

The following sections list parameters and characteristics for an

actuator and a servo motor. These machines do not exhibit a unique

design like the trapezoidal motor discussed previously, but follow the

classical guidelines for a "sinusoidal" design.

3.2.1 Actuator Motor

Figure 15 shows the prototype sinusoidal motor which was designed

for an electrohydrostatic actuator (EHA) system controlling aircraft

flight surfaces. The eight pole motor has distributed windings,

surface-mounted Samarium-Cobalt magnets, and exhibits considerably less

saliency than the trapezoidal motor.
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Figure 15. Actuator Prototype Motor

I
20 V/div 2ms/div 2778 r/min

Figure 16. Induced Open Circuit Phase Voltage

The open circuit induced voltage for one phase is shown in Fig.

16. Although the motor was designed to have a sinusoidal flux

distribution, a slight flattening at the waveform peak can be detected.

Numerical Fourier analysis shows that the waveform fundamental is

approximately 7% higher than the peak value, which is still con-

siderably less than in the case of the trapezoidal motor. Third
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harmonic content is found to be about 6%. Measurements show the

induced voltages to be symmetrical and balanced.

Figure 17 shows measured phase self inductance values with a

spline curve fit. Note the regular 60° intervals of the peaks which

are likely to be caused by tooth effects and the remaining rotor

saliency. The magnitudes of these effects are quite small in their

contribution to the inductance values and thus can be neglected. It

should also be noted that the mean value of Las rises slightly between

0° and 720° electrical (0° to 180° mechanical), while Lbs and Lcs

exhibit a decrease over the same period. This effect can be explained

by a slightly eccentric mounting of the rotor in the stator bore.

Measured values for the mutual inductance between the as-and bs-

phases are shown in Fig. 18, along with a sinusoidal curve fit, which

underscores the "sinusoidal" nature of the motor.

Since the variations of the mutual inductances are much more

pronounced than those of the phase self inductances, the latter are

represented by their mean and the motor can be described by

Las Lbs Les 805 AH

860

820

780

740
0 240 480

rotor angle (el. degrees)

Figure 17. Actuator Motor Phase Self Inductance

720

(24)
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0

rotor angle (el. degrees)
240 480 720

Figure 18. Actuator Motor Mutual Inductance

Mab -210 - 160 cos(20r-120°) pH

Mca = -210 - 160 cos(20r+120°) A

Mbc = -210 - 160 cos(20r) pH
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(25)

where rotor angle, Or, is measured in electrical degrees from the axis

of the as-winding.

Parameters and ratings of the prototype sinusoidal actuator motor

can be summarized as follows:

inverter voltage 250 V

rated current 11.9 A

rated torque 3.07 Nm

rated speed 7,000 r/min

phase resistance 0.32 0

phase inductance 805 pH

mutual inductance see Fig. 18, Eq. (25)

induced voltage 0.0438 V per el. rad/s

(effective peak) (see Fig. 16)

moment of inertia 98 x 10-6 kgm2

number of poles 8
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3.2.2 Servo Motor

Figure 19 shows the low power servo motor tested, which is

commercially available. In addition to the Hall effect rotor position

sensors for commutation purposes, the motor is equipped with an optical

resolver to provide precise position information. In Fig. 19, the

optical encoder is shown attached to the left motor end, opposite the

shaft. The motor follows sinusoidal design criteria and has surface-

mounted Samarium-Cobalt magnets and distributed windings.

Figure 19. Servo Motor

The motor is usually equipped with a four-phase winding by the

manufacturer and was specially wound for three-phase operation.

However, the star point is not accessible and only line-to-line

parameters can be measured. Figure 20 shows the induced open circuit

voltage between two phase windings. Note the distortion of the

waveform, which is more pointed than an ideal sinusoid. It should be

emphasized that this does not reflect a sound design approach, since in

order to produce the same fundamental, higher peak airgap flux levels

are required for this almost triangular waveshape than for sinusoidal

or trapezoidal forms. This is of special significance as the motor is

to be powered by a square wave inverter.
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It is also noteworthy that the Hall effect rotor position sensor

assembly provided with the motor showed rather severe unbalances upon

delivery. Overall it can be said that while this servo motor is a

production item of relatively low cost, it is not engineered as well as

the aerospace actuator motors examined in the previous sections.

Motor parameters and ratings can be summarized as follows:

inverter voltage 80 V

rated torque 0.2 Nm

rated speed 9,500 r/min

line resistance 7.4 0

line inductance 1.66 mH ± 10%

sinusoidal variation

induced line voltage 0.090 V per el. rad/s

(peak value) (see Fig. 20)

moment of inertia 38 x 10-6 kgm2

number of poles 4
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4. EXPERIMENTAL VERIFICATION

In order to establish confidence in the simulation techniques,

they were applied to brushless dc drives using the motors discussed

previously. Correlation with experimental data then serves as an

indication of the quality of the developed model. The results

presented are for steady state operation using a discontinuous inverter

both with, and without, PWM. Further experimental verification,

including transient operation, is presented in chapter 6.

4.1 Discontinuous Inverter Operation

The drive consisting of the trapezoidal actuator motor and a six-

step, discontinuous transistor inverter was analyzed assuming a dc

input voltage of 70 V and a commutation advance of 25° electrical. No

external load was applied, so the drive only has to overcome inertia

and drag.

Figures 21 and 22 compare simulated and measured results for a

line-to-line motor voltage and a phase current, respectively.

Simulation results and measurements are in good agreement in both

magnitudes and waveform details. Motor terminal speed is also

predicted accurately, as evidenced by the correlation between simulated

and measured waveform periods. The spikes in the line voltage

correspond to commutation of the appropriate phases and thus diode

conduction. Note that inverter operation is truly discontinuous; i.e.

the anti-parallel diodes do not become forward biased during the

interval when a phase is open-circuited.

4.2 PWM Inverter Operation

The following sections present results for drives using the

sinusoidal motors and six-step discontinuous inverters with asynchro-

nous pulse-width modulation.
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Figure 21(a). Predicted Line Voltage

Figure 21(b). Measured Line Voltage
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4.2.1 Actuator Drive

The analysis of the sinusoidal actuator drive assumes a dc input

voltage of 100 V, a phase advance of 22° electrical and an applied

load torque of 1.37 Nm. Pulse-width modulation is set to 97% at 10 kHz

which, in combination with the electrical motor time constant, causes

hardly any disturbance in the six-step current waveform. Figure 23

compares the simulated and measured waveforms for a motor phase current

over one electrical cycle. Waveform details are in reasonably good

agreement.

4.2.2 Servo Drive

The servo motor drive was analyzed for a load torque of 0.1 Nm

assuming a dc input voltage of 35 V, a phase advance of 20° electrical

and a PWM index of 85% at a modulation frequency of 5 kHz. Figure 24

shows a comparison of computer prediction and measurement. Excellent

agreement between calculated and measured waveforms is evident. Note

that inverter operation is not truly discontinuous, as the anti-

parallel diodes become forward biased and conducting during the

interval of open-circuit operation. The noticeable asymmetries of the

current waveforms are due to an unbalance in the sensing circuits which

provide rotor position information to the inverter switching logic.

The investigation of such non-ideal effects is extremely tedious using

classical methods of drive analysis. This emphasizes the desirability

of the detailed three-phase simulation presented here, which requires

only a few minutes of personal computer time for a performance

prediction of the quality illustrated in Fig. 24.
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5. EFFECTS OF DRIVE PARAMETERS ON DRIVE PERFORMANCE

Although it is interesting to develop and use a modeling technique

that is more rigorously applicable to non-ideal drive configurations,

there is only value in the approach if it provides information omitted

by simpler techniques. Consequently, the computer model is used in a

sensitivity study involving the trapezoidal voltage motor presented in

section 3.1. The study evaluates changes in drive performance

predictions as the exactness of the parameter representations is

reduced. Both discontinuous and PWM inverter operation are inves-

tigated and the results will not only allow conclusions about motor

modeling issues, but will also form the basis for a comparison of

trapezoidal and sinusoidal design techniques.

One of the significant contributions of the numerical simulation

model is that it addresses the performance of the brushless dc drive on

a system basis, such that the effects of interactions between inverter

operation and motor design parameters are included. While classical

methods require rather involved Fourier series manipulations in order

to consider inverter switching effects even for simple motor represen-

tations, the numerical approach provides a valuable and convenient tool

for the performance investigation of a complete drive system. This is

especially appreciated in the following sensitivity studies which not

only investigate rms currents, efficiency and resulting speed, but also

consider current harmonics and torque pulsations.

PWM operation of the trapezoidal drive shows interesting effects

of motor-inverter interactions on drive efficiency for different

methods of speed control. The usefulness of the numerical simulation

as a design tool is demonstrated by further investigating these effects

in an effort to optimize drive efficiency for adjustable speed

operation.

5.1 Discontinuous Inverter Operation

The most exact motor model employed in the sensitivity study is

described in section 3.1 with a trapezoidal induced voltage (EMF) as

illustrated in Fig. 12. Phase and mutual inductances for the exact
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case are given by Eqs. (22) and (23), respectively. Various techniques

can be used to simplify these parameter descriptions:

(i) Replace the trapezoidal induced voltage with a sinu-

soidal EMF of the fundamental period and peak value,

as illustrated in Fig. 12.

(ii) Replace the exact inductance variations by idealized

sinusoidal variations matching the peak values of the

exact forms (see Fig. 13 and 14). The inductance

representation is then given by:

and

Las 218 - 38 cos(20r) pH

Lbs = 218 - 38 cos(20r+120°) pH

Lcs = 218 - 38 cos(20r-120°) pH (26)

Mab = -87 - 46 cos(20r-120°) PH

Mbc -87 - 46 cos(20r) pH

Mca -87 - 46 cos(20r+120°) pH (27)

(iii) Simplify the inductance representation yet further and

express them as constant values, using the mean of the

sinusoidal variation, i.e.

Las Lbs = Lcs 218 pH

Mab = Mbc Mca = -87 pH (28)

The above simplifications include two of the standard models and

geometries of classical machine theory:

(i) The combination of sinusoidal induced voltages and

sinusoidally varying inductances is equivalent to the

model assumed for d-q axis analysis. From a design

point of view, this representation can be realized by

using distributed windings and appropriate salient
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rotor geometries, possibly involving buried magnets

(i.e. magnets contained within the rotor laminations

for mechanical protection).

(ii) Combining sinusoidal induced voltages and constant

inductances yields effectively the simple equivalent

circuit model. This representation describes a non-

salient motor design, usually realized by a round

rotor and surface-mounted magnets.

In order to obtain a few illustrative waveforms reflecting

different modeling approaches, the drive consisting of the trapezoidal

motor and a discontinuous inverter was simulated assuming a dc input

voltage of 270 V, a commutation advance of 25° electrical, and a load

equivalent to about half of torque rating. Figures 25 and 26 compare

current and torque waveforms obtained by using the "exact" model, a d-q

approach and an equivalent circuit model. It should be noted that the

waveforms shown are load dependent and will change with applied torque.

The current predictions for d-q and equivalent circuit analyses

are quite similar, both showing the effects of the sinusoidal magnet

flux. In the exact case, the current waveform reflects the presence of

the flat-topped trapezoidal induced voltages. The two current spikes

per electrical half cycle are due to inverter switching occurring in

the other phases and can be alleviated by increasing the commutation

advance angle. In the case of the exact representation, the current

waveform can be brought to an almost rectangular shape by combining a

greater phase advance with a wider crest of the trapezoidal EMF. At

this load level, current waveforms seem to be influenced more by

induced voltage waveshape and inverter switching, while inductance

representation plays only a secondary role.

A comparison of the predicted torque waveforms again shows

differences caused by the alternative motor representations. The

influences of inverter switching and EMF waveform can clearly be

distinguished in Fig. 26. For the exact case, an increase in width of

the trapezoidal EMF combined with further commutation advance will

help in smoothing out the torque waveform. Note the discrepancy in

peak torque for d-q and equivalent circuit predictions, which is
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caused by the difference in inductance representation. For the phase

advance and load torque considered, an equivalent circuit approach will

misrepresent the torque waveform considerably.

Drive performance predictions were analyzed further for several

degrees of model complexity assuming an operating condition where the

motor has to supply drag losses and constant rated torque (i.e. pump or

compressor application). The inverter is again operating from a 270 V

supply and the switching pattern is advanced by 25° electrical. Table

3 shows the resulting performance parameters, which are all expressed

in per unit using the exact model predictions as base values. The

table entries were determined numerically from the waveforms obtained

by solving the equations governing drive performance.

Table 3. Full Load Performance Predictions

Performance Parameter

Motor Representation

Exact
Inductance

Sinusoidal
Inductance

Constant
Inductance

Trap.
EMF

Sine
EMF

Trap. Sine
EMF EMF

Trap.
EMF

Sine
EMF

Current Ripple 1.00 1.00 1.00 1.00 0.95 0.95

Harmonic Index for 1.00 1.01 1.00 1.01 0.96 0.97
Current

Peak Current 1.00 0.98 1.02 0.99 1.00 0.99

Peak Fundamental 1.00 1.01 1.00 1.01 1.01 1.01
Current

Torque Ripple 1.00 1.08 1.00 1.10 0.55 0.67

Peak-to-Peak Torque 1.00 1.14 0.86 0.95 0.54 0.66

6th Harmonic Torque 1.00 1.04 1.10 1.15 0.55 0.62

Motor Speed 1.00 1.01 1.00 1.01 1.02 1.03

Motor Efficiency 1.00 0.98 0.99 0.99 0.99 0.98

Current ripple is obtained after performing a Fourier analysis

from
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100% (29)

where If, rms is the rms value of the fundamental current component and

I(t) and Ifund(t) are the instantaneous values of phase current and

fundamental current, respectively.

The harmonic index for the phase current is determined as

(30)

where Ik is the rms value of the kth harmonic. No even harmonics are

present and the numerical evaluation reflected in Table 3 considers

components up to the 29th harmonic.

Torque ripple is calculated from instantaneous torque, T(t), and

mean torque, Tmean, as follows:

Tr

CT(t)- Tmeani2 dt
P o

Tmean
100% (31)

The information presented in Table 3 and Figs. 25 and 26 for

different load torque requirements and model complexities allows some

conclusion about modeling approaches and system design.

5.1.1 Consideration of Model Complexity

For the six-step discontinuous inverter considered in the

sensitivity study, the following observations are appropriate.

(i) For low loads, current waveforms mainly depend on

inverter switching and EMF waveshape. At higher

loads, a constant inductance representation may cause

a misrepresentation of current prediction.

(ii) The simple model, using constant inductances and

sinusoidal induced voltages, is probably accurate for

the determination of fundamental currents, motor
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speed, and efficiency at rated conditions. Harmonic

currents and torque pulsations may be noticeably

underestimated.

(iii) The use of models with sinusoidal inductance varia-

tions will probably be adequate for the prediction of

all parameters except torque pulsations.

It should be noted that these observations are only valid for the

operating points examined. Consideration of other values of mechanical

load or commutation advance may lead to different results. This

emphasizes the need to investigate the performance of the entire drive

system, including possible inverter-motor-load interactions.

5.1.2 Design Considerations

For operation with a six-step discontinuous inverter at 25°

electrical commutation advance, the following design recommendations

can be made.

(i) A non-salient motor will be the best choice for

controlling current harmonics and torque pulsations at

rated load although efficiency may suffer marginally.

The use of a trapezoidal EMF will reduce torque ripple

even further than a sinusoidal induced voltage.

(ii) A combination of extreme motor saliency (resulting in

nonsinusoidal inductance variations) and sinusoidal

induced voltages should be avoided if torque pulsation

is important.

(iii) Trapezoidal induced voltages are preferable to

sinusoidal ones.

The waveforms shown in Figs. 25 and 26 suggest the following

considerations on system design involving the trapezoidal motor and a

discontinuous inverter.

(i) Increase the width of the flat-topped part of the

trapezoidal EMF in order to smooth current and torque

waveforms and possibly increase efficiency.

(ii) Control commutation advance, possibly as a function of

load torque, to alleviate spikes in current and torque

waveforms.
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5.2 PWM Inverter Operation

The drive considered for the study on PWM operation consists of a

sinusoidal PWM inverter (see Fig. 5) and the trapezoidal motor

described in section 3.1. Besides investigating the effectiveness of

modulation index (M) and commutation advance (a) as methods of speed

control, the study compares the performance predictions obtained using

two different levels of model complexity. The two models examined are

the "exact" representation (see section 3.1) and the "sinusoidal" or

effective d-q representation as formulated in section 5.1. The results

serve not only as an indicator of model accuracy needed, but also

provide a guide for designers on the effects of motor geometry and

winding formation.

The simulation results presented in the following assume a dc

input voltage of 270 V and a fundamental PWM chopping ratio of 21.

Drive operation assumes constant rated torque (1.47 Nm) over a wide

speed range, i.e., essentially a pump or compressor characteristic.

Mechanical damping and other secondary mechanical loss effects are

neglected.

Voltages applied to the motor by the inverter can be determined

directly from the chopping ratio and the modulation index. The

voltages that will be measured at the motor terminals result from the

interaction of the applied voltages, the rotationally induced voltages

and the effects of winding currents and impedances, as determined by

the numerical integration of the equations governing drive performance.

Figure 27 compares the resulting forms of the phase voltages for the

exact and sinusoidal model representations at rated torque and balance

speed. The waveforms are normalized to a base quantity corresponding

to the rms value of a continuous six-step phase voltage (270//e73 V)

and assume a modulation index of 0.9 at an advance angle of 10°

electrical. Phase advance introduces a slight ripple in the equivalent

d-q representation which becomes very pronounced in the exact model

case. If the instantaneous voltage waveforms are important, such as

when investigating device stresses, the more exact modeling approach

should be utilized, since the sinusoidal representation may mis-

represent the waveshapes considerably.
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As expected, the current waveforms corresponding to the voltages

of Fig. 27 are predominantly sinusoidal with small harmonic components,

as illustrated in Fig. 6. There is little difference in the values

obtained from the two representations. The effects of commutation

advance and modulation index on rms phase current are shown in Fig. 28

for a base of 10 A. It is indicated that a phase advance between 2°

and 3° will lead to a minimum current condition for a range of
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modulation indices. An analysis which supports this numerical

prediction is presented in Appendix B. For phase shifts beyond the

minimum current condition, the "field weakening" effect is apparent for

all values of commutation index. Any investigation of phase shifting

techniques for drive control purposes should bear in mind the maximum

permissible motor current (25 A), which limits the degree of field

weakening possible.

Apart from the developed electrical torque, motor torque will

depend on many mechanical design features, such as rotor/shaft

construction, bearings and couplings, which are not considered here.

At the balance condition, the electrical torque has a constant

component, equal to the applied load, plus significant pulsations.

This is illustrated in Fig. 29, which compares instantaneous electrical

torque waveforms for both levels of model complexity for a modulation

index of 0.7 and a phase advance of 10° electrical. It should be

noted that both low frequency torque harmonics as well as peak-to-peak

disturbances are significantly underestimated by the sinusoidal model.

Although some of the torque ripple will be alleviated by mechanical

damping, accurate information about the pulsations is needed to achieve

an overall performance prediction as well as avoid mechanical resonance

problems.

4 8 12

commutation advance (eL degrees)

Figure 28. Motor rms Phase Current

16
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(a) Exact Representation
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Overall torque ripple content is defined as the rms value of the

variation from mean torque and can be calculated from the instan-

taneous torque waveform using Eq. (31). Figure 30 compares the torque

ripple predictions for exact and equivalent d-q model representations.

The corresponding current waveforms do not exhibit such marked

differences when computed by exact or sinusoidal methods. Therefore

the difference in predicted torque ripple is attributable mainly to the

non-sinusoidal EMF of the exact representation and, to a lesser degree,
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the interactions of slight differences of current and inductance. For

either type of model representation, the increase of modulation index

serves to reduce torque pulsations, as does initial commutation

advance. However beyond an advance region of 6°-10°, the exact model

predicts a return to increasing torque ripple. This feature is absent

from the predictions obtained using the sinusoidal representation.

The balance speed attained by the motor as a function of commuta-

tion advance is shown in Fig. 31 for a base speed of 11,000 r/min.

Speed control through the variation of PWM index and thus effective

motor voltage is illustrated by the curves representing two different
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values of modulation index. Changes in motor speed due to field

weakening effects are modeled quite accurately by the sinusoidal drive

representation and only for large commutation advance angles is there a

significant deviation from the prediction obtained using the exact

model.

Winding resistance is the major contributor to motor loss.

Consequently, overall efficiency is expected to suffer as commutation

advance is increased to promote field weakening. However, because

minimum currents are not expected at zero commutation advance, as shown

in Appendix B, efficiency may initially be improved by a small degree

of phase advance which depends upon the parameters of the machine and

its operating conditions. Figure 32 illustrates this effect for the

motor design under consideration and a modulation index of 0.7.

Differences between exact and d-q representation are only significant

for relatively large commutation advance angles. From a design point

of view, however, a trapezoidal motor seems to exhibit better charac-

teristics than a sinusoidal motor in the field weakening mode of

operation. This could possibly be enhanced further by appropriate

changes in geometry and winding arrangement of the prototype trape-

zoidal motor. Depending on the switching rates involved, more detailed
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efficiency studies might be needed to account for high frequency

converter and motor losses.

The investigation of PWM drive operation for constant rated load

torque allows some conclusions about modeling approaches and system

design.

5.2.1 Consideration of Model Complexity

For operation of the trapezoidal motor with a sinusoidal PWM

inverter, the following observations can be made.

(i) The complexity of the exact modeling of motor EMF and

inductances is warranted if voltage waveforms and

torque pulsations are required of the simulation.

(ii) Other performance features are predicted accurately

using a sinusoidal motor representation (equivalent to

a d-q axis model), particularly for low values of

commutation advance.

(iii) It seems that the trapezoidal EMF is largely respon-

sible for voltage and torque harmonics. Therefore, a

compromise model may be appropriate which accurately

represents the induced voltages while approximating

the inductances as sinusoidal functions.
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The results of the sensitivity study emphasize the interactions

between brushless dc motor and inverter. Any design evaluation should

thus take the whole drive system into consideration.

5.2.2 Design Considerations

The results of the performance investigation of the trapezoidal

motor with a sinusoidal PWM inverter lead to the following comments and

recommendations on drive system design.

(i) Motor currents and efficiencies are very sensitive to

commutation advance and care should be taken to

provide for accurate position feedback and advance

angle control.

(ii) Motor current and torque ripple are minimized at

different angles of commutation advance. Appropriate

design trade-offs thus are needed depending on the

intended application.

(iii) Use of the trapezoidal motor with a sinusoidal supply

can lead to a decrease in torque ripple for low angles

of commutation advance.

The trapezoidal motor shows better efficiency

characteristics in the field weakening regime than a

sinusoidal design. It may be possible to improve this

characteristic further by optimizing the shape of the

trapezoidal EMF.

It should be investigated if drive performance can be

improved by adjusting the PWM modulation pattern more

closely to the waveform of the induced motor voltages.

(iv)

(v)

5.3 Design Example: Efficient Adjustable Speed Operation

Drive designers can derive considerable benefits from using the

numerical performance prediction in the design process. Not only can

the merits of novel motor designs be investigated, but the program also

allows for the analysis of control strategies involving both motor and

inverter. To illustrate the use of the simulation as a design tool,

the performance of the trapezoidal drive as presented in section 5.2

will be investigated further using the "exact" motor model. The goal
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of the investigation is to enable adjustable speed operation for

constant rated load torque (1.47 Nm) while keeping drive efficiency at

high values.

Recall that in Fig. 32 efficiency for the motor design and load

condition under investigation is shown to be at a maximum for a

commutation advance between 2° and 3° electrical. But field weakening

is only one way of changing angular motor velocity and normally speed

control is achieved by varying the modulation index. The influence of

modulation index on efficiency is shown in Fig. 33, where the advance

angle is assumed to be adjusted to the optimum value. Modulation

indices greater than one lead to the dropping of pulses in the center

of the applied voltage waveform, with PWM only occurring in the side

bands. For the chopping ratio considered, a modulation index greater

than approximately 13.4 leaves no pulse-width modulation and the

inverter operates in the six-step continuous mode. From a design

point of view, it is interesting to note that maximum efficiency

occurs at that value of commutation index where the unmodulated

portion of the applied voltage waveform is as wide as the flat-topped

peak of the trapezoidal induced motor voltages.

Figure 33 illustrates that efficiency is not as sensitive to

variations of modulation index as it is to changes in advance angle.

Consequently, the efficiency-speed profile shown in Fig. 34 assumes

100
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4.=
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Figure 33. Effects of Modulation Index on Drive Efficiency
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Figure 34. Efficiency-Speed Profile for Sinusoidal PWM

speed control by means of PWM while keeping phase advance at its

optimum. The curve for M 0.9 shows the drop-off in efficiency as the

advance angle is shifted approximately ±2.5° from the optimum. This

illustrates the importance of controlling phase advance very precisely

in order to achieve satisfactory drive performance.

The control of motor speed by varying modulation index and thus

effective motor voltage is only possible until square wave operation

resumes with application of the full inverter voltage; i.e. the

inverter "runs out of voltage". After this point at approximately

15,000 r/min is reached, speed increase is only possible through field

weakening and will result in lower efficiencies. Figure 35 shows some

alternate methods of achieving higher speeds:

(i) Attempt field weakening while keeping the modulation

index at its optimum. The curve shown covers commuta-

tion advance angles from about 1° to 5.5° electrical.

(ii) Operate the inverter in the discontinuous or 120°

mode of operation. Field weakening is shown for a

range of advance angle of approximately 40° electri-

cal. It is evident that the drive reacts differently

to commutation advance for discontinuous excitation.



67

100

98 - M__-1- / :aom / .
t.....i / \

% \
N.

96 Mopt / i \/ i \
i : /m \ \-5 / \

4=
94 - i

1200 \ \ a \..- I \ N \
180° \92 -

90 I I 1

10,000 15,000 20,000

speed (r/min)

Figure 35. Comparison of Efficiency-Speed Profiles

(iii) Increase speed by weakening the field in the con-

tinuous or 180° mode of inverter operation. The

curve shown in Fig. 35 achieves 18,000 r/min at a - 5°

with an associated rms phase current of 14.7 A.

Efficiency-conscious adjustable speed operation can thus be

achieved by keeping the phase advance at its optimum and varying

modulation index until approximately 14,000 r/min. Between 14,000 and

15,000 r/min, operating the inverter in the discontinuous mode yields

marginally better efficiencies than PWM operation. For speeds in

excess of about 15,000 r/min, continuous inverter operation will lead

to the best efficiencies.

Similar curves to the ones shown in Fig. 35 can now be derived for

yet more inverter control strategies and for other values of load

torque, including non-constant loads, such as fans. Ultimately the

drive controller could be programmed with the results to intelligently

select the appropriate inverter status depending on load and speed

conditions and thus keep drive efficiency high.

The example presented illustrates the value of the numerical

simulation program as a design tool. Its application is not limited to

the investigation of drive efficiency, but any other characteristic can

be analyzed as well. Drive operation can be simulated quickly and

effectively over a wide range of operating conditions without using
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involved hand calculations and while minimizing the prototyping steps

needed for a successful design. In an industrial setting this can be

used to achieve better designs while keeping development costs down.
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6. INVESTIGATION OF BRUSHLESS DC DRIVE FAILURES

Brushless dc drives are being used or considered for a variety of

potential applications where reliable operation is of importance, often

coupled with cost constraints. In the aerospace industry, actuator

drives are being developed for aircraft flight control surfaces and

rocket nozzles. These drives must meet high reliability criteria and

are consequently engineered to very expensive standards. Even then,

duplication or higher redundancy is employed for critical drive

systems. Potential applications of brushless dc drives for automobiles

must initially meet cost criteria before more specialized requirements

are met, such as high reliability standards for an actuator drive to be

used in a power steering system. Finally, the large domestic market

will only be realized if the required performance can be met at costs

and with reliabilities that are currently obtained from substantially

simpler drives.

Consequently, over a wide spectrum of applications, a significant

benefit can be derived from drives which employ some form of fault

tolerant control strategies to maximize drive performance in the

presence of faults. Possible drive system faults to be addressed

include failures of windings, power devices, sensors or control

electronics. The relatively low cost of the control electronics (e.g.,

microprocessors), compared with the other major drive components such

as power semiconductors or motors, should make it possible to develop

"intelligent" controllers, which change the system operating mode when

faults are detected. Thus, a single component failure need not lead to

a drive shut-down; drive operation could continue with reduced

performance, accompanied by an indication requesting system maintenance

and repair.

Before fault-tolerant controllers can be developed, the symptoms

of failure have to be fully understood. The "unusual" post-fault

operating conditions have to be identified and this information needs

to be conveyed to the drive control logic. Possible remedial strate-

gies then need to be devised which can be implemented by the drive

controller to achieve satisfactory post-fault performance. In order to

demonstrate that these symptoms and remedies can be developed without
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exhaustive practical investigations, the numerical simulation will be

used to predict drive performance for some irregular and unbalanced

operating conditions. These simulations need to predict measurable

quantities, such as currents, and the resulting performance parameters,

such as torque. Confidence in this process will be obtained by

experimental verification of some non-catastrophic, readily produced,

faulted operating conditions. Following a discussion of possible fault

diagnoses, the development of remedial strategies will be illustrated

for one particular fault condition, the absence of a base drive signal

to one of the power transistors.

It should be emphasized that the numerical simulation developed is

very well suited to the investigation of drive system failures, which

almost universally result in unbalanced or asymmetrical operating

conditions. Adaption of equivalent circuit or reference frame theory

to the simulation of faulted pulse-width modulated drives would require

significant model additions and extensions. These additional techni-

ques such as Fourier analysis and symmetrical components, if applicable

at all, result in vastly increased model complexity and take away from

the convenience of use as a design tool. It should be kept in mind,

however, that the numerical model was developed assuming a linear

magnetic circuit. Some specific fault conditions can lead to very high

current levels and may necessitate the inclusion of magnetic saturation

into the motor model.

6.1 Fault Simulation

The test drive used for the fault studies consists of the servo

motor discussed in section 3.2.2 powered by a discontinuous voltage

source inverter with asynchronous pulse-width modulation. A schematic

of the drive is shown in Fig. 36. The transistor inverter is operated

from a 35 V dc supply with a PWM frequency of 10 kHz developed from a

90% index comparator. The system is used to drive a low inertia fan at

speeds up to 1500 r/min.
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Figure 36. Drive System Schematic for Fault Investigation

Before investigating performance under fault conditions, it is

worthwhile establishing the nature of normal healthy drive operation to

serve as a baseline for comparisons. Figure 37 compares a typical

measured phase current waveform and a computed current. The quality of

the correlation is good. However, this has only been possible after an

examination of the Hall effect rotor position sensing system which was

found to be slightly asymmetrical. As a result, the transistors in the

power stage are gated unevenly, which produces the asymmetrical

waveforms shown in Fig. 37. The corresponding computed electrical

torque is shown in Fig. 38. The magnitude of the pulsations compared

to the mean level of the torque is typical for this kind of drive and

the irregularities correspond directly to those in the phase currents.

All of the subsystems and components shown in the drive schematic

are sources of possible failures. Some sample faults are indicated by

the switches in Fig. 36, namely motor winding failure (F1), position

sensor failure (F2) and failure of the commutation logic resulting in
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inadequate base drive for one of the power transistors (F3). These

faults will be discussed in detail below, together with the simulation

of their effects. The failure of one of the power devices will also be

discussed briefly.

6.1.1 Motor Failure

Several types of motor winding failure can occur. The most likely

of these, the short-circuited turn due to insulation failure, has been

investigated in the literature [31] but without the inclusion of PWM

excitation effects. Another possibility is the open-circuited phase

winding, as illustrated by the failure simulation switch F1 in Fig. 36.

Note that the simulation does not consider transient effects which

occur when an attempt is made to open-circuit an energized motor phase.

The open-circuit is assumed to occur either during standstill or when

no current is flowing through the winding due to discontinuous inverter

operation. This type of fault may prevent starting but, if it occurs

while the drive is running, it results in unbalanced two-phase

operation, where the two remaining motor windings essentially form a

single phase.

A simulation of the phase current resulting from an open-circuited

motor phase is shown in Fig. 39(a) and the corresponding test data is

given in Fig 39(b). As would be expected, in comparison with the data

for the healthy drive, the currents are larger but flow for shorter

periods. The three-pointed waveform of Fig. 37 has been reduced to

essentially two points in Fig. 39 by the removal of four of the six

possible current paths.

The corresponding predicted electrical torque waveform is given in

Fig. 40. Note that torque is discontinuous and motor operation

alternates between coasting and application of torque pulses which are

considerably higher than the torque level for a healthy drive. This

result of unbalanced two-phase operation may cause problems for low

inertia loads such as fans. It should also be noted that the current

spikes shown in Fig. 39 are caused by conduction of the anti-parallel

diodes. These diode currents translate into the counteracting,

negative torque pulses observed in Fig. 40.
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6.1.2 Position Sensor Failure

The most common form of position sensor for brushless dc drives

utilizes Hall effect devices which can develop failures due to

temperature or vibration effects. Typically, the devices fail in an

"open" condition or undergo a shift of sensitivity level. Both of

these conditions can result in a missing signal at the output of the

position sensing subsystem; such a failure is indicated by switch F2 in

Fig. 36.

Ideally, the three position sensors will produce three independent

and evenly spaced pulse trains of 180 electrical degrees in a "high"

condition, followed by 180 electrical degrees of a "low" condition. A

comparator is then used to determine rotor position from these signals.

Failure of a Hall sensor results in a permanent "high" condition at the

corresponding output. The manner in which this information is

interpreted by the commutation logic, compared with healthy signals, is

given in Table 4.

Table 4. Comparison of Commutation Sequences

Healthy Sequence Faulty Sequence

Sensor Condition Transistor Sensor Condition
Bases

1 2 3 Driven 1 2 3

Transistor
Bases
Driven

high high low

low high low

low high high

low low high

high low high

high low low

T1,T5

T1,T6

T2,T6

T2,T4

T3,T4

T3,T5

high high low

low high low

low high high

low high high

high high high

high high low

Ti,T5*

T1,T6

T2,T6*

T2,T6*
**

Ti,T5*

*This results in the appropriate transistors
their normal period.

**
To the commutation logic this represents
sensor conditions with the result that no
produced.

remaining on for twice

an unallowable set of
base drive signals are
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The computation of the phase current resulting from the sequence

listed in Table 4 is shown in Fig. 41(a) for the c-phase, with the

sensor failure occurring after the second condition in Table 4 (Tl and

T6 bases driven). The resulting current waveform shows that leaving T2

and T6 on for a double period has the effect of permitting a large

negative current surge through the motor as source voltage and internal

induced voltage are now assisting, rather than opposing each other.

In the period immediately following, no base drive signal is generated,

resulting in an effectively open-circuited motor. Following this, Tl

and T5 are turned on earlier than normal, which results in conduction

through diode D3 in the c-phase. This diode current was found to be
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Figure 41. Phase Current Waveform - Sensor Failure
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very sensitive to inertia for the drive under consideration. The

prediction is confirmed by the test data given in Fig 41(b) in which

the upper trace records the phase current and the lower trace shows the

condition of the failing sensor. Large counteracting, negative torque

pulsations result from this failure, as illustrated by the computed

results in Fig. 42. These torque pulsations may cause problems for low

inertia systems such as the fan drive tested, where the unbalance

effects could be distinguished in the generated audible noise.

0.4

-0.4

-0.6

time (10 ms/div)

Figure 42. Predicted Electrical Torque - Sensor Failure

6.1.3 Commutation Logic Failure

The commutation logic subsystem, which interprets the rotor

position sensor signals and produces the appropriate base drive or gate

signals for the devices in the power stage, usually employs specially

customized logic integrated circuits (ICs) or microprocessors. There

are many potential modes of failure of these logic circuits. One type

of failure that has been observed in practice is that of inadequate

base drive to one of the power transistors. The failure, as indicated

by the opening of switch F3 in Fig. 36, has the effect of making the

transistor a switching device of appreciable impedance, rather than a

very low impedance switch.

The computation of the effects of such failures is complicated by

the uncertainty of the exact value for the impedance of the inadequate-

ly driven transistor. However, insertion of an estimated, constant
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value in the simulation program yields results with a passable

correlation to the test data, as indicated in Fig. 43. The irregular

torque that will result from this failure is shown in Fig. 44. Note

that the periods of relatively low torque output reflect the lower

current levels due to the high impedance switch.

0

time (10 ms/div)

sN\ (b)

phase current (0.5A/div) ime (5ms/div)

Figure 43. Phase Current Waveform Logic Failure

(a) Simulation

(b) Measurement
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6.1.4 Power Inverter Failure

After passing the period of infant mortality, the controlled power

switches and anti-parallel diodes in the inverter subsystem are caused

to fail most frequently by either thermal stress or by unsuppressed

transients. The most common failure is a short-circuited device that

can immediately place excessive stresses on other devices in the power

stage. The "shoot-through" condition which occurs when the other

device in the same inverter leg is turned on is usually contained and

prevented from causing more extensive damage by protective devices

and/or current limiting circuits. These circuit protections usually

work in a global fail-safe mode; i.e., after detection of a short

circuit fault, the entire drive is shut down.

6.2 Development of Fault Diagnoses

As shown in the previous section, the numerical drive simulation

can be used to establish a correlation between certain types of drive

failures and their measurable symptoms. The most critical step in the

development of fault-tolerant controllers will be the conversion of

these symptoms into the most appropriate fault diagnosis. Clearly, one

must use caution in proposing post-fault operating modes or "remedial

strategies" for drives. An exhaustive exploration of many system

failures that possibly could produce similar symptoms is called for, as



80

well as a complete understanding of the entire healthy operating range

of the drive. This study must take into account any appropriate

component tolerances and include possible system transient responses.

The numerical analysis developed allows a drive designer to undertake

such a study quickly and effectively.

Depending on the size, type and critical nature of the drive

function, it is also possible to employ information from more than one

source in order to clarify a fault diagnosis. For example, information

may be obtained from the logic states of the controller as well as from

observations of voltages and currents. Although the latter are

probably the more difficult to rationalize and interpret, it is likely

that a detection of a non-permitted voltage or current state could be

the instigating factor in the diagnosis process. Therefore, these

conditions will be examined more closely for the failures discussed

previously. The following observations only represent suggested

starting points and it should be emphasized that the techniques for the

collection of the required information in a cost effective manner

represent a considerable engineering challenge. General guidelines are

hard to establish, since any practical implementations will likely

depend on the nature of the drive application in question.

6.2.1 Two-Phase Operation

A diagnosis of this type of fault can probably be deduced directly

from the phase currents. A definite indicator is that large periods of

zero current followed by a short period of larger than normal current

occur in the healthy phases, whereas the current in the failed phase

becomes zero. Alternatively, the fact that two of the currents are

always the same may be a sufficient indication.

6.2.2 Sensor Failure

The presence of very large current spikes, in themselves, may not

be adequate to isolate this failure. Additional information on the

changing logic states will probably be a more appropriate indicator and

could employ the detection of the illegal "high-high-high" condition

listed in Table 4.
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6.2.3 Inadequate Base Drive

Of the examples considered, this fault appears to be the most

difficult to diagnose without further study. Significant rms current

unbalance may be an appropriate indicator, especially in the extreme

case when the base drive for one transistor is missing entirely. It

may also be possible to detect faults brought on by defects in the

control circuits, such as in the case of inadequate base drive, by

appropriate measures implemented in the control circuitry itself.

6.2.4 Power Inverter Failure

The short circuit fault of one of the power devices may be

detected by appropriately fast-acting current sensors, one of which

should be provided per power transistor. A shoot-through is then

identified by two devices in the same leg carrying the same current.

In combination with information about the commanded switching pattern,

the defective power switch can be identified.

6.3 Remedial Post-Fault Strategies

After healthy drive operation has been thoroughly understood and

fault symptoms for the failure modes of interest have been determined,

the investigation of post-fault operation can commence. The develop-

ment of remedial strategies and their implementation in controller

hardware and software can ensure acceptable drive operation even after

a system fault has occurred.

For very large drives, an "expert system" concept may be cost-

effective and feasible. Such an approach would optimize drive

performance during normal operation by adjusting the inverter control

following guidelines such as the one outlined in section 5.3 for drive

efficiency. These intelligent controllers could be programmed to

detect a variety of fault conditions and take corrective action to

maximize post-fault performance subject to preset constraints.

For many fractional and integral horsepower drives, such a

comprehensive control system with the associated sensors and trans-

ducers will not be economically feasible. In these cases, a careful

evaluation of the particular application in question may identify areas

where the implementation of a remedial strategy is beneficial. For
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instance, an application which subjects the rotor position sensors to

extreme vibrations may benefit from the inclusion of a remedial

strategy for sensor failure. In a space application, where the power

devices are subject to deterioration due to radiation, the most likely

remedial strategy would address failures of the inverter switches.

The development and implementation of remedial strategies will

heavily depend on the requirements of a particular application and the

characteristics of the drive system that is to be used. If, for

instance, post-fault torque is to be maximized, the corrective action

taken may not be allowed to violate certain constraints in terms of

torque pulsations or current levels. This demands a detailed knowledge

of the drive system, as illustrated by the discussion in chapter 5.

Therefore, it is impossible to propose general remedial strategies.

However, to outline the convenience and power of the numerical

simulation in investigating these concepts, the following section

presents a design example analyzing several different post-fault

scenarios involving the absence of a base drive signal for one of the

inverter power switches.

6.3.1 Example: Missing Transistor Base Drive

As an illustrative example outlining the development of remedial

strategies, the fan drive presented in section 6.1 is analyzed further.

The study investigates an extreme case of the inadequate base drive

failure illustrated in Figs. 43 and 44 and assumes that the base drive

for one of the power transistors is missing entirely. This results in

"2-1/2"-phase operation as indicated by the simulated phase current

waveform given in Fig. 45.

An initial and easily implemented strategy to boost torque output

for a fixed dc link voltage would be to adjust the PWM index and thus

allow more current to flow in the remaining current paths. However,

this is not a viable option if the drive is already operating at 100%

PWM and the following analysis concentrates on strategies that are also

applicable for non-PWM discontinuous inverters. To simplify matters

and not to obscure the issue at hand, it is further assumed that rotor

position feedback and thus pre-fault operation is balanced and
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Figure 45. Simulated Phase Current Waveform - Missing Base Drive

symmetrical. Otherwise, drive details are the same as listed earlier

in this chapter.

A torque/current relationship for healthy drive system operation

is given in Fig. 46 as function of commutation advance. Torque and

rms phase current are normalized to their values at the peak condition

which occurs for a phase advance of 30° electrical. It is assumed

that the healthy drive is operating without PWM at the maximum

condition of 1 p.u. torque and current when the base drive for
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1 I 1 I 1
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commutation advance (el. degrees)

Figure 46. Drive Torque/Current Characteristic
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transistor Tl fails. The switching sequence for a six-step discon-

tinuous inverter (see Fig. 4 in section 2.2.2) reveals that this fault

leaves the motor open-circuited for one third of an electrical cycle,

between -30° and 90° electrical. Consequently, as illustrated in Fig.

47, output torque for this now unbalanced drive drops to 88% of the

pre-fault level. Figure 47 also shows three possible strategies to

raise output torque to the pre-fault value of 1 p.u.:

(i) The curve for case 1 illustrates corrective action

taken by operating the drive further in the field

weakening region. 1 p.u. torque is reached at a

commutation advance of 57° electrical. However, the

associated average rms phase current exceeds the pre-

fault level by 70%.

(ii) Case 2 in Fig. 47 restores pre-fault torque while

keeping commutation advance at the same value. This

is achieved by extending the on-time of the power

transistors which are switched immediately before and

after the failed transistor T1; thus the period of

open-circuit operation is shortened. The condition

shown was reached by delaying the turn-off of

transistor T3 by 15° electrical from normal and

advancing the turn-on of transistor T2 by 45° electri-

cal. This remedial strategy increases the average rms

phase current to 1.8 p.u.

LO

0.9

torque line

0.8
0

case 2\

/*case 3

case1
x--

post-fault
condition

10 20 30 40 50 60

commutation advance (el. degrees)

Figure 47. Remedial Strategies for Post-Fault Operation
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(iii) Case 3 represents a combination of the two previously

presented strategies. Transistors T2 and T3 are both

turned on for an additional 20° electrical and in

combination with an increase of commutation advance

by 14° electrical, the pre-fault torque level is

reached. The average rms phase current is 60% higher

than before the fault, which is better than for the

two previous cases.

Figure 48 illustrates the changes in predicted current waveform

for the c-phase for (a) healthy operation, (b) operation without base

drive for transistor T1, and (c) implementation of the remedial

strategy combining longer turn-on with increased field weakening. One

disadvantage of the proposed corrective action is that not only the rms

current is increased, but peak current levels also rise significantly

and this may not be acceptable for the power devices. Additional

torque producing current has to be forced through the remaining current

paths and this cannot be achieved for optimum alignment between source

voltage and internal induced voltage. As illustrated in Fig. 48(c),

current spikes result and torque producing current can only be

generated at a significant increase in loss current.

The three strategies presented are not the only possibilities and

further studies may reveal better concepts for post-fault operation,

such as a complete redefinition of the inverter switching sequence for

the resulting faulted topology. However, the example emphasizes the

fact that the remedial strategy which will ultimately be adopted has to

be in accord with the characteristics of the drive and application on

hand. Peak and rms currents as well as increased torque pulsations may

have to be limited in order to satisfy constraints imposed by winding

design, device characteristics and mechanical considerations. Within

these limits, corrective action may not be able to restore pre-fault

performance levels, but it should still provide for improvement over

the faulted condition. This may lead to the consideration of other

post-fault goals, such as improving torque output while keeping

currents within certain predefined limits.
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6.3.2 Remedial Strategies: An Outlook

The development of remedial post-fault strategies is not limited

to the example discussed above. For instance, the sensor failure

addressed in section 6.1.2 may be alleviated by restoring rotor

position information from the remaining two signals or by operating the

drive open-loop according to some predetermined switching algorithm.

Also, the short-circuit of a power device does not have to lead to a

complete shut-down of the drive. With a fast-acting current feedback,

the turn-on of the other device in the same leg could be prevented and

drive operation could then be optimized by redefining the switching

sequence for the remaining four inverter switches.

While an exhaustive discussion of many possible post-fault

operating strategies is not within the scope of this work, the material

presented in this chapter emphasizes the potential of such techniques

as well as the value of the numerical simulation as a design and

research tool. The investigation of faulted drive characteristics with

models based on equivalent circuit or d-q axis analyses is at best

inconvenient and often impossible. Providing a designer with a

computer simulation package allows for a detailed and efficient

performance prediction and gives answers to "what if?" design questions

which otherwise would require extensive prototyping. Applied correctly

this should lead to a better understanding of brushless dc drives and

might further the implementation of advanced drive control strategies.
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7. CONCLUSIONS AND RECOMMENDATIONS

The work presented allows conclusions both in regards to modeling

as well as design issues pertaining to brushless dc drives. In

addition, several areas for future work can be identified.

7.1 Conclusions on Drive Modeling

It has been shown that the numerical performance prediction of

pulse-width modulated brushless dc drives while retaining the untrans-

formed drive variables is both possible and beneficial. Since no

further calculations such as Fourier or symmetrical component analyses

are necessary even for PWM excitation or faulted operation, the

numerical simulation package is a very convenient drive design tool

for a variety of operating conditions. Numerical speed-up procedures

allow for fast computation and thus only a personal computer is needed

to achieve very accurate simulation results, as evidenced by the

correlation between computer predictions and measurements. The PC can

also be used for parameter calculations and data acquisition, which

allows for an inexpensive "workstation" for drive design.

In regards to the different drive modeling strategies available,

the following observations are appropriate:

(i) The equivalent circuit model is appropriate for a

first, relatively crude evaluation of steady state

drive operation. Waveforms of performance variables

such as current or torque and thus harmonic and ripple

contents may be noticeably misrepresented, depending

on motor parameter details and the assumptions used in

formulating the model.

(ii) The d-q axis model allows for the transient perfor-

mance prediction of a brushless dc drive while still

simplifying drive representation and is recommended

when the drive is a component of a larger system,

possibly containing multiple drives. When used to

evaluate drives with non-ideal parameter variations,

the resulting voltage and torque waveforms may not be

predicted accurately.
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(iii) The numerical simulation model as presented in this

thesis is recommended if a detailed performance

prediction for a particular drive system is desired.

This approach is especially recommended for drives

with non-ideal parameter variations such as in designs

with undistributed windings and trapezoidal induced

voltages. Evaluation of discontinuous and unbalanced

operation is easily achieved and thus the numerical

model is superior for the analysis of fault condi-

tions.

The results presented show the interactions between drive

components. For instance, drive performance may be decidedly in-

fluenced by the interactions between motor parameters and inverter

switching algorithm. Thus, a brushless dc drive should always be

modeled as a system, considering all major components such as motor,

inverter and load.

The numerical analysis developed takes the entire drive into

account and coupled with the potential to investigate faulted behavior

and possible post-fault improvements, the work presented may lead to

the development of advanced brushless dc drive designs.

7.2 Conclusions on Drive Design

Even though the permanent magnets employed in brushless dc motors

allow no direct control of the rotor field, it has been shown that

field weakening can be induced by advancing inverter commutation. This

provides for an additional degree of freedom in drive speed control

algorithms and can be used in conjunction with PWM index to ensure

optimum performance.

The sensitivity of drive performance to commutation advance

emphasizes the need for accurate and dependable rotor position sensing

and feedback. Overall it is seen that drive performance is influenced

by interactions between the individual components and thus a drive

design should always consider the entire system. A successful design

thus requires not only a thorough understanding of the operating

conditions in terms of mechanical loading and speed range, but should
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also match motor design parameters with the appropriate inverter

switching algorithms.

The work presented shows that motors which employ trapezoidal

induced voltages have advantages over sinusoidal designs, especially

when used with square wave inverters, where phase conduction coincides

with the flat-topped part of the induced voltage. Even with sinusoidal

PWM supplies, the trapezoidal voltage design can lead to lower torque

ripple at low values of commutation advance and increased efficiency in

the field weakening mode.

The effects of some component failures on drive performance have

been investigated and although considerable engineering challenges

still have to be met, it has been shown that drive designs are possible

which improve drive performance during post-fault operation. This will

enhance brushless dc drive applications where reliability is a major

factor, such as in the aerospace and automotive industries.

7.3 Recommendations for Future Modeling Work

Although the programming package developed yields very good

results as a research tool for the designs and operating conditions

investigated, there is room for improvements. The software could be

made more easy to use by providing a user interface to allow for more

convenient interactions between drive designer and numerical simula-

tion. Also, it may be beneficial to combine some post-processing

tasks, such as waveform display, with the numerical integration in

order to improve overall simulation convenience.

Advanced modeling features that could be incorporated into the

simulation package include the consideration of device switching losses

and high frequency motor losses to allow for a more detailed investiga-

tion of drive efficiency. Drives with inset magnets and the associated

short airgaps as well as certain fault conditions may lead to magnetic

saturation. Thus, the numerical simulation may be enhanced by

including the possibility to investigate non-linearities of the

magnetic circuit.

In its present form, the simulation is designed for the perfor-

mance prediction of brushless dc drives powered by voltage source PWM

inverters. A possible extension to include hysteresis current control
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strategies may be beneficial and should be relatively easy to imple-

ment. The consideration of servo drives for stepping applications, if

desired, may prove to be more complex, since these drives often do not

use the three phase, wye-connected topology assumed in this work.

7.4 Recommendations for Future Design Work

The development of remedial strategies for post-fault drive

operation is seen as having great potential and should be pursued in

future work. With input from industrial manufacturers and end users,

particular drive systems and applications should be identified and

analyzed with regard to post fault operating strategies. A prototype

drive which implements the suggested strategies needs to be build in

order to experimentally prove the feasibility of fault-tolerant

controllers.

The trapezoidal voltage motor may be analyzed further by inves-

tigating the effects of different widths of the trapezoidal EMF on

overall drive performance. Also, it may be interesting and beneficial

to develop novel PWM algorithms, which are specifically designed to

complement the trapezoidal induced voltage. This may be a possibility

to improve drive performance over the use of six-step or sinusoidal

supplies.

The numerical model developed includes the possibility of a rotor

cage. To date this feature has not been used and it might be worth-

while to study the effects of a cage on drive performance.
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8. NOMENCLATURE

a commutation advance angle

Bm mechanical damping coefficient of motor and load

d index identifying direct axis quantities

HI harmonic index for phase current

i current

ids'iqs direct and quadrature axis current

Ir current ripple

J moment of inertia of motor and load

A flux linkage

1m permanent magnet flux linkage vector as viewed from the

stator

A' amplitude of the per phase magnet flux linkages as viewed

from the stator

[L(Or)] motor inductance matrix as function of rotor position

Lii components of self inductance

Lij components of mutual inductance (or Mid)

Ls effective motor axis inductance

M modulation index

Mij components of mutual inductance (or Lip

P number of poles

q index identifying quadrature axis quantities

resistance or index identifying rotor quantities

[r] motor resistance matrix

rs motor phase resistance

s index identifying stator quantities

Be stator angle from reference axis (in electrical degrees)

9r rotor angle from reference axis (in electrical degrees)

shaft speed

Te electrical torque developed by motor

TL load torque

tp waveform period

V, v voltage

V1 fundamental component of applied phase voltage

vds, vqs direct and quadrature axis voltage



w.(1,0r)
Wf.(1,0r)

co-energy associated with the coupling field

energy stored in the coupling field
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APPENDIX A

DETERMINATION OF INDUCTANCE VARIATIONS FOR TRAPEZOIDAL MOTOR

In order to establish the nature of inductance variations as a

function of rotor position, it is necessary to specify airgap length

and magnetomotive force (MMF) patterns associated with the concentrated

windings Figure 49 illustrates the magnetic circuit for the prototype

motor. Since the magnet permeability is very close to that of air,

they are omitted for the purpose of inductance calculations.

Figure 49. Trapezoidal Motor Magnetic Circuit

reference
axis

Taking a phase coil axis as reference, any position on the stator

can be described by its angle Be from that reference. Similarly,

rotor position can be defined as the angle Or between the axis of a

rotor pole and the stator reference. Hence, for the motor cross

section shown in Fig. 49, the airgap can be described as g(Oe,Br),

where

g = R - for -90° Be -Br 90°

'Be Or

2 2
cos



g R for 90° 5 8e -Br 15 270°

cos
8e er

2 2 90°
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g R -
s

for 270° 15 8e -Br ..-5. 450° (32)

[

Be 8r
cos T. - T.- - 180°

The angles 8e and Or are measured in electrical degrees.

denotes the radius of the stator bore and s is half the side of the

rotor square.

For concentrated windings of N turns per coil and unit phase

current, the MMFs can be described as follows:

MMFas(8e) = Nas

MMFas(0e) 0

MMFas(0e) -Nas

etc

for -75° < Oe < 75°

for 75° < Be < 105°

for 105° < Oe < 255° (33)

The MMFs of the bs- and cs-phases are expressed correspondingly,

with an offset of 120° and 240°.

Finally, the inductance variations can be determined from the

typical formulas

and

r360°+Or

Las(8r) K j MMFL(0e)
1

g(8e,8r)
dO

e
8r

r360°+Or
1

Mab(8r) K j MMFas(0e)MMFbs(0e) d8e

Or

(34)

(35)

For a given Or, these expressions are integrated numerically with

respect to Oe. The numerical evaluation is repeated for as many
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values of Or as are needed to obtain a good resolution over one

electrical period. Scaling the resulting waveforms with respect to

maximum and minimum values measured on the prototype motor yields the

inductance variations shown in Figs. 13 and 14.

Figure 50 shows the self inductance waveform calculated by the

method outlined above and data points taken on the prototype motor. It

should be noted that the scaling values and the data points shown were

taken using different instruments and were adjusted to compensate for

differences in calibration.
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Figure 50. Self Inductance Calculation and Measurements
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APPENDIX

COMMUTATION ADVANCE INVESTIGATION

The results of numerical computations to determine the effects of

commutation advance angle (a) on the rms current and motor efficiency

are given in Figs. 28 and 32 for the trapezoidal test motor. These

graphs indicate that the drive consisting of prototype motor and

sinusoidal PWM inverter will operate with minimum winding losses when

the commutation advance is in the region of 2 to 3 electrical degrees.

In order to verify this optimum angle in an analytical manner, the

following assumptions are made:

(i) The motor representation is simplified to an ap-

proximate case of balanced symmetrical windings having

constant inductances (both self and mutual) and

sinusoidal induced voltages.

(ii) The inverter representation is simplified by consider-

ing only the fundamental component, V1, of the applied

voltage.

With these simplifications, the drive performance equations can be

transformed to the rotor reference frame [13] with the following

results (neglecting leakage and mechanical damping):

digs
vgs Vicosa rsigs + Br (Ls ids

);) Ls dt

dids
vds -V1 sina = r ids brLsiqs + Ls dt

3 P 2 dTe = 2 A; igs = J Or + TL
P dt (36)

Since only the quadrature axis current is torque producing it

follows that optimum operation should result if the system control

forces the direct axis current to zero [40]. With this constraint and

for steady state operation, Eqs. (36) reduce to



V1 cosa = rs iqs

Vi sina = Br Ls iqs

Am iqs = TL

Thus, for a specific example of

which is required to produce constant

current can be calculated and used

From Eqs. (37) follows

a = tan-1
Ls iqs Br

rs iqs + A' Br

102

(37)

a motor of known flux linkages,

load torque, the quadrature axis

to determine the advance angle.

(38)

This advance angle can in turn be used to specify the desired

fundamental system voltage from

Br Ls iqs

V1 sina
(39)

A test of this approach uses the trapezoidal motor described in

section 3.1 and assumes a constant load torque of 1.47 Nm. Forcing

ids to zero and calculating iqs as 9.32 A results in the control

algorithm and efficiency characteristic shown in Fig. 51. Considering

the approximations made above, this shows good correlation with the

exact simulation results presented in section 5.2. It should be

emphasized that the results presented are only valid for continuous

inverter operation. Discontinuous inverter excitation has to be

analyzed using a numerical approach such as the one discussed in

chapter 2

The angle control algorithm will only work as long as the

effective inverter voltage can be regulated through PWM. When the

voltage limit is reached, further speed increase has to be achieved by
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Figure 51. Optimum Efficiency Control Algorithm

a field weakening approach. Consequently, the direct axis current can

no longer be kept at zero and drive efficiency will suffer.

The optimum advance angle derived above is dependent on both

loading condition as well as motor parameters. This emphasizes the

need to know motor characteristics when specifying inverter operation

and illustrates why brushless dc drives should be designed with the

entire system in mind. It should be noted that the realization of

algorithms like the one shown might be difficult if motor and load

parameters cannot be determined accurately or change during drive

operation.


